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PREFACE 


This book is an introduction to the science of measurement. 
Rapid development of new industrial methods and techniques 
has brought the subject of measurement into a science on its 
own physical foundation and has extended its scope far beyond 
the elementary concepts of temperature and pressure determi¬ 
nations. New measurement methods based on both new and 
old physical phenomena are becoming common in industrial 
operations. 

The purpose of this book is to review the principles of those 
methods of measurement employed in industrial processing and 
manufacturing. Primary emphasis is given to the method rather 
than to the mechanism. Attention is paid, however, to important 
practical details. In most cases it has been deemed necessary 
to review the fundamentals of physics (mechanics, thermody¬ 
namics, and electricity) pertaining to the problems of measure¬ 
ment. This serves two purposes. First, it focuses attention on 
the fundamentals of engineering applications, and, second, it 
induces a more analytical and less empirical approach to the 
problems of measurement. 

The book is intended primarily for the undergraduate in engi¬ 
neering. With the exception of a few sections containing differ¬ 
ential equations, it is assumed that the student is familiar with 
the elements of calculus, mechanics, thermodynamics, and fluid 
mechanics beyond elementary courses in physics. The problems 
are mainly elementary. They may serve to suggest to the 
instructor other problems of similar character. 

The author wishes to acknowledge the valuable assistance of 
Mr. A. E. Krogh of The Brown Instrument Company, particu¬ 
larly in regard to data on temperature measurement. Dr. R. K. 
Munch of the Monsanto Chemical Company made many valu¬ 
able suggestions on the importance of various spectrographic 
and high vacuum methods. The suggestions of Professor C. R. 
Otto and Dr. D. Dropkin of Cornell University were much 
appreciated. Mr. Kermit Fischer of the Fischer and Porter 
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Preface 


Company aided considerably in the preparati<m of the diseuenon 
of rotameters. The co-operation of the manufacturers of rnlua^ 
trial measuring equipment in providing information and operating 
data is especially appreciated. Much credit is due Mrs. D. P. 
Eckman for her typing of the manuscript and consideration 
of grammatical details. 


Ithaca, New York 
June 22 , 1950 


Donald P. Eckman 
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1 * Qucdities of Measurement 


The progress of measurement is the progress of science. Like¬ 
wise advancement of industrial progress must be preceded by 
advancement in the art and science of measurement, for the 
whole foundation of industrial processing and manufacturing lies 
in the measurement of materials entering into manufacture, 
measurement of product, and, not the least, measurement of cost. 
One important phase of measurement is the utility of measuring 
instruments designe:: for guiding the progress of various steps in 
manufacturing and processing. Of these, this book will be pri¬ 
marily concerned with instruments for measurements in tempera¬ 
ture, pressure, rate of flow, and composition. Such factors are 
important in the scheme of things, for it was very early pointed 
out that— 

“If a man would be a painter, navigator, or architect, it is not 
enough that he be advised to be one, that he is convinced by the 
arguments of his adviser that it would be for his advantage to 
be one, and that he resolves to be one; but he must also be taught 
the principles of the art.; be shown all the methods of working 
and acquire the habit of using properly all the instruments.^^— 
Benjamin Franklin 

The progress of instrumentation in industry as it is known to¬ 
day took place largely in the 1930’s but began with the introduc¬ 
tion of a reliable instrument for recording temperatures. With 
the growth of continuous manufacturing, the need for continuous 
measurement of temperature, pressure, and flow became urgent. 
There are continual demands not only for improvements in qual¬ 
ity of measurement but also for development of new methods 
baaed on newly found physical and chemical law^s and effects. 

1 
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Qualities of Measurement 


The Mecming of Measurement 

The fundamental and underlying purpose of measurements in 
industrial manufacturing and processing is to aid in the eco¬ 
nomics of industrial operations by improving either the quality 
of product or the efficiency of production. In view of this pur¬ 
pose, one should always bear in mind these questions in regard 
to measurement: 

1. Why is the measurement being made? 

2. What should the measurement mean? 

3. What measurement is made? 

4. What is the result of making this measurement? 

In an industrial operation these questions may be difficult to 
answer. Nevertheless a measurement that has a definite purpose 
and a definite meaning and accomplishes a specific result is one 
that should be made. 

Direct measurement is a tremendously important approach in- 
modern instrumentation. Direct measurement can best be illus¬ 
trated by an example. In manufacturing a mechanical part in 
a lathe section of a machine shop, the purpose of processing is to 
produce a part with given physical dimensions. During and 
after the operation, measurement of its dimensions (called in¬ 
spections) are usually made. This is a direct measurement in 
which the meaning of the measurement (determining a physical 
dimension) and the purpose of the processing operation (produc¬ 
ing a physical dimension) are identical. Indirect measurement is 
illustrated by the measurement of temperature in a milk pas¬ 
teurizer. The purpose of the pasteurizing operation is to elimi¬ 
nate bacteria. This is an indirect measurement, wherein t ie 
meaning of the measurement (temperature of the milk) and the 
purpose of processing (eliminating bacteria) are not the same 
but are related to each other. A direct measurement in this 
example would be a bacteria count. 

The point of these examples is to bring out the meaning and 
intent of a measurement. If the 'primary purpose of making a 
measurement is to determine a quality of a product, then, one 
should measure that quality directly. 

Direct measurement is not always possible, however, and then 
indirect measurement must be reeoited to. In indirect measure- 
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ment an empirical relation is generally established between the 
measurement actually made and the results that are desired. 
There are many factors, however, that result in a change in the 
relations in indirect measurement, and a breakdown in these re¬ 
lations will cause the measurements to become meaningless. 

Tha ElamentB of Instruments 

A measuring instrument is simply a device for determining the 
value of a quantity or condition. The purpose served by the in¬ 
strument is, first, to determine or ascertain the value (magni¬ 
tude) of some particular phenomena. The instrument does not 
necessarily have to indicate, signal, record, or otherwise make 
known what value it has ascertained. On the other hand, it may 
be required to indicate, record, register, signal, or perform some 
operation on the value it has determined. The value determined 
by the instrument is generally, but not necessarily, quantitative. 
An instrument for the measurement of the presence of acid in 
a chemical solution may simply answer yes or no. 

The following functions may be fulfilled by an instrument. 

Transmitting^ ir which the instrument is intended to convey 
information concerning the measured quantity over some dis¬ 
tance to a remote point. The value (magnitude) of the meas¬ 
ured quantity may never be made known, because it may be 
used for some other purpose. A homely example is the telephone. 

Signaling, where the instrument only indicates the general 
value or a range of values of its measured quantity. Some 
grocer’s scales, for example, show only that the weight is too little 
or too great. 

Registering, in which the instrument merely indicates, by num¬ 
bers or some other symbol of discrete increments, the value of 
some quantity. A cash register and certain w^ater meters only 
register incremental quantities. 

Indicating, in which an instrument provides some kind of cali¬ 
brated scale and pointer. The value of the quantity may be 
read on the scale to any fraction within the limitations of the 
instrument and the human eye. Most clocks are indicating in¬ 
struments, for example. 

Recording, in which an instrument makes a written record, 
usually on paper, of the value of the measured quantity against 



4 Qualities of Measurement 

some other variable or against time. Although this function of 
an instrument is not fundamentally different from an indicating 
function, it is classed separately. 

Any combination of these functions may be found in a meas¬ 
uring instrument, and no one of them is more important than the 
■others. A great number of each type are used industrially. 

One of the most important functions of an instrument is found 
in the automatic controller, every one of which includes a mech¬ 
anism performing the function of measurement. The quality of 
automatic control is often determined by the quality of the meas¬ 
uring means. 

Another function accomplished in an instrument is to perform 
various manipulations on a measured variable. This is generally 
incidental to the main purpose of the instrument but neverthe¬ 
less is an important function. Several examples will illustrate 
these features. A type of instrument much used with combus¬ 
tion furnaces takes the ratio of fuel flow and air flow. A differ¬ 
ential pressure instrument may measure the difference in pres¬ 
sure between two points in a process. A flowmeter indicating 
rate of flow usually integrates the flow rate to obtain quantity. 
Other examples are easily found showing addition, multiplica¬ 
tion, and differentiation. In fact, instruments are used in which 
the solution of rather complex algebraic or differential equations 
is involved. 

All instruments contain various parts that perform prescribed 
functions in converting a variable quantity or condition into a 
corresponding indication. The process of conversion in an in¬ 
strument is necessary in order to change the measured variable, 
a temperature, a pressure, a flow, or a chemical composition, into 
a more useful quantity, such as displacement, pressure, force, or 
potential. In most cases an instrument ultimately converts the 
measured variable into a displacement. 

The parts of an instrument are indicated by Fig. 1-1, together 
with a simple example of an indicating thermometer. The 
'primary element is the part of the instrument that first utilizes 
energy from the measured medium to produce a condition repre¬ 
senting the value of the measured variable. In this case the 
thermometer bulb is the primary element, because it first con- 
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verts energy in the form of heat into a fluid displacement, which 
is proportional to the temperature at the bulb. 

The secondary element merely converts the condition produced 
by the primary element into a condition useful to the function 
of the instrument. In the example the secondary element is the 
pressure spring, which converts the fluid displacement into a 
displacement of a link. 

The manipulation element performs given operations on the 
condition produced by the secondary element. In Fig. 1~1 the 




motion of the pressure spring is modified by the cam in order 
to correct for nonlinearity in the preceding conversion processes. 
The manipulation element sometimes precedes the secondary 
element. 

The functioning element simply denotes the part of an instru¬ 
ment used for transmitting, signaling, registering, indicating, or 
recording. 

The parts of an instrument named previously do not neces¬ 
sarily appear in all instruments. Some instruments like the 
mercury-in-glass thermometer are much simpler and require no 
dissection such as this. On the other hand, an instrument like 
the automatic balanced potentiometer thermocouple pyrometer 
is much more complex than the example in Fig. 1-1. 

A distinction is sometimes made between automatic instru¬ 
ments and manual instruments. The automatic instrument does 
not require the services of an operator in fulfilling its function 
whereas the latter does. A mercury-in-glass thermometer is an 
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Qualities of Measurement 

automatic instrument because it indicates temperature without 
requiring any manual assistance. One type of resistance ther¬ 
mometer with a Wheatstone bridge requires manual operation 
of the bridge in cider to indicate the temperature being meas¬ 
ured and is therefore a manual instrument. 

Another classification of instruments is made according to 
their source of power. The self-operated instrument like the 
mercury-in-glass thermometer derives its power wholly from the 
thermal expansion of mercuIy^ The power-operated instrument 
requires a source of auxiliary power, such as compressed air, 
electricity, hydraulic supply, or a mechanical source of power. 

A further classification of instruments is according to their 
arrangement. In the self-contained instrument such as a room- 
temperature thermometer, all parts of the instrument from 
primary element to indicating element are contained in one 
physical assembly. On the other hand, there are instruments 
BO used that the primary element is located hundreds of feet 
from the secondary element. The indicating element may also 
be remotely located. 

Static Characteristics 

The static characteristics of an instrument are, in general, 
those that must be considered when the instrument is used to 
measure a condition not varying with time. The characteristics 
discussed here are: 

Accuracj'^. Static error 

Reproducibility. Drift 

Sensitivity. Dead zone 

The qualities on the left are desirable, and their opposite quali¬ 
ties are undesirable. It must be stated, however, that there are 
many existing definitions for these characteristics, and in some 
rcases the definitions are unrelated. We have attempted to select 
the most generally used definitions. It is suggested that caution 
be employed in handling specifications for static characteristics 
because of this confusion. 

In an indicating or recording instrument the value of the 
measured quantity is indicated on a scale or a chart by a pointer 
or some similar means. Suppose that the highest point of cali- 
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bration is h units and the lowest point a units and that the cali¬ 
bration is continuous between these two points. Then the in¬ 
strument range is from a to 6. The instrument span is given by 

Span — b -- a 

For a pyrometer calibrated 0 to 1000° the range is 0 to 1000° 
and the span is 1000°. For a thermometer calibrated 200 to 
350° the range is 200 to 350°, and the span is 150°. 

The accuracy of an instrument may be expressed in several 
ways. A common method is to specify “accurate to within x per 
cent.^' This is an abbreviation, which means “accurate to within 
zhx per cent of instrument span at all points of the scale, unless 
otherwise stated.This is the definition followed in this book 
whenever possible. Often, however, accuracy is based on in¬ 
strument range and instrument reading instead of instrument 
span. Obviously these specifications may differ greatly. Sup¬ 
pose we have a pyrometer cajibrated 1000 to 1800°, and the ac¬ 
curacy is stated as within 0.5 per cent. The accuracy of the 
pyrometer is ±0.5 per cent times (1800° — 1000°) or ±4°. 

The static error of instrument is the difference between the 
true value of a quantity not changing with time and the value 
indicated by the instrument. The static error is expressed as 
units, or —X units. For static error in units, 

True value + static error = instrument reading 

For plus static errors the instrument reads high, and for minus 
static errors the instrument reads low. 

The static correction of an instrument reading is specified in units; 

True value == instrument reading + static correction 
Therefore, static error and static correction are related as follows: 

Static correction = —static error 

Error calibration means that an industrial instrument has been 
especially calibrated against a suitable standard and its static 
error determined at a number of points of its scale. These data 
form an error curve, which can be used for correcting instrument 
readings. A typical error curve is shown in Fig. 1~2. 
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In the specifications for industrial instruments it is often nec¬ 
essary to designate the over-all accuracy. Many industrial in¬ 
struments are not self-contained but are composed of separate 
units, such as the primary element, secondary element, and 
manipulation element. These elements, as in a pressure-gage 
transmitter-receiver system, may be obtained separately with 
accuracy limits specified for each element of the system. Let the 



Fig. 1-*2. Error Curve for an Instrument 

accuracy of each unit be within =ta, within rtb, within and 
so on. The least accuracy is 

Within =b (a + 6 + c + etc.) 

The root-square accuracy: 

Within :±z\^a^ + + etc. 

Obviously the root-square accuracy is more justifiable in an 
instrument system, because it is not probable that all units of 
the system will have the greatest static error at the same point 
at the same time. 

The reproducibility of an instrument is the degree of close¬ 
ness with which a given value may be repeatedly measured. It 
may be specified in terms of units for a given period of time. 
Perfect reproducibility means that the instrument has no drift: 
that is, the instrument calibration does not gradually shift over a 
long period of time, such as a week, a month, or even a year. 
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Several kinds of drift may occur. The whole instrument cali¬ 
bration may gradually shift by the same amount. This is some¬ 
times called a zero drift and is usually due to some kind of simple 
effect, such as permanent set or slippage. In an indicating or 
recording instrument it is easily corrected by shifting the pen 
or pointer position. A span drift involves a gradual change in 
which the calibration from zero upward changes a proportional 
amount. This may be caused by a gradual change in a spring 
gradiciit. A third kind of drift occurs when only one portion 
of a calibration changes. This may take place at the high 
end of an instrument scale when some portion of the instrument 
is at high stress. 

Drift may occur in thermocouples and resistance-thermometer 
elements because of contamination of the metal and changes in 
metallurgical or atomic structure. Drift occurs in orifice flow¬ 
meters because of wear and erosion of the orifice plate. 

Drift is an insidious quality in industrial instruments, because 
it is rarely apparent and must be carefully guarded against by 
continuous inspection and maintenance. 

Sensitivity unfortunately has two common meanings, which 
bear little relation . ) each other. It is a commonly used term, 
however. Usually sensithity denotes the smallest change in 
value of a measured variable to which an instrument responds: 
that is, the instrument has a dead zone. On the other hand, sen¬ 
sitivity may mean that the instrument produces a given deflec¬ 
tion for a given change in value of a measured quantity: that is, 
the instrument has a given span. 

Dead zone is the largest range of values of a measured vari¬ 
able to which the instrument does not respond. This is some¬ 
times called dead spot and hysteresis. Dead zone usually occurs 
with friction in an indicating or recording instrument, particu¬ 
larly the latter. It may also be found in certain kinds of mech¬ 
anisms that can only indicate small and discrete changes in value 
of a measured variable. 

Hysteresis caused by friction or backlash results in the char¬ 
acteristic loop when the instrument is calibrated first in one di¬ 
rection and then in the other. Hysteresis may also be caused by 
permanent set in highly stressed materials. This effect, as such, 
is not usually of primary Importance in an instrument but is 
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always considered important as dead zone. The reason is that 
industrial instruments used in continuous manufacturing or proc¬ 
essing measure values that do not change a great deal over long 
periods of time. Consequently, the dead zone is noticeable, but 
the hysteresis may not appear directly. 

Dynamic Characteristics 

Instruments rarely respond instantaneously to changes in the 
measured variable. Instead, they exhibit a characteristic slow¬ 
ness or sluggishness due to such things as mass, thermal capaci¬ 
tance, fluid capacitance, or electric capacitance. Furthermore, 
pure delay in time is often encountered where the instrujnent 
^Vaits"’ for some reactions to take place. Industrial instruments, 
such as are discussed here, are nearly always used for measuring 
quantities that fluctuate with time. Dynamic and transient be¬ 
havior of the instrument is therefore as important as and often 
more important than static behavior. 

The dynamic behavior of an instrument is determined by sub¬ 
jecting its primary element to some known and predetermined 
variation in measured quantity. The three most common varia¬ 
tions are: (1) ^tep change, in which tho primary clement is sub¬ 
jected to an instantaneous and finite change in measured vari¬ 
able; (2) linear change, in which tlie primary element is 'fol¬ 
lowing’^ a measured variable, changing linearly with time; (3) 
sinusoidal change, in which the primary clement follows a meas¬ 
ured variable, the magnitude of which changes in accordance 
with a sinusoidal function of constant amplitude. The ])liysical 
conditions of imposing these changes on an instrument may cause 
^reat difficulty. Nevertheless methods can usually be devised for 
each test, so that close approximation to each type of change 
can be had, 

The dynamic characteristics are: 

Speed of response. Lag 

Fidelity. Dynamic error 

vhere the qualities on the left are desirable and those on the 
ight are undesirable. 

' Speed of response is the rapidity with which an instrument 
responds to changes in the measured quantity.' Measuring lag 
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is a retardation or delay :n the response of an instrument to 
changes in the measured quantity. Fidelity is the degree to 
which an instrument indicates the changes in measured variable 
without dynamic error. Dynamic error is the difference between 
the true value of a quantity changing with time and the value 
indicated by the instrument if no static error is assumed. 

The calibration of many instruments is nonlinear: that is, the 
plot of measured variable versus scale calibration in inches is 
not a straight line on ordinary graph paper. The orifice flow^- 



Time, minutes 


Fig. 1~3. Dead-Time Lag 


meter, for example, is gen rally nonlinear because of the square- 
root characteristic. In such cases it is necessary to restrict the 
dynamic analysis to a limited portion of the range, selecting as 
many different portions as are required to express its dynamic 
characteristics. 

The response of power-operated instruments run by an auto¬ 
matic-control device or a servomechanism is a specialized sub¬ 
ject. Generally, for purposes of industrial instrumentation a 
simple approximation of their lag is sufficient. 

Measuring lag may be of the retardation type, that is, where 
the response of the instrument begins immediately on a change 
in measured variable, or of the time-delay type called dead time, 
illustrated by t in Fig, 1-3, Dead time simply shifts the re¬ 
sponse of the instrument along the time scale and causes a corre¬ 
sponding dynamic error. Generally speaking, measuring lags of 
this type are very small and may be expressed in fractions of 
a second. Some types of instruments have periodic measuring 
systems, in which changes in the value of the measured variable 
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are detected only at given intervals, such as every 1 sec, or every 
10 sec. An instrument with appreciable dead time is generally 
not satisfactory for measuring a variable that fluctuates rapidly. 

Finally, dead time is caused by a finite dead zone in the in¬ 
strument. This effect is illustrated in Fig. 1-4, where the trend 
of the actual value of the measured variable is indicated. Sup¬ 
pose that the instrument possesses a small but finite dead zone 
indicated by the dotted lines. The dead zone may be caused by 
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Fig. 1-4. Dead Zone and Dead Time 

starting friction or a similar effect. The instrument does not 
respond for a certain delay time and acts only when the meas¬ 
ured variable has changed sufficiently to overcome the starting 
friction. Obviously this type of delay depends on how fast the 
measured variable is changing and on the extent of the instru¬ 
ment dead zone. 

Dynamic Response of nrst-Order-Type Instruments 

An elementary temperature-measuring device such as a ther¬ 
mometer has a bulb or other primary element, which is mainly 
thermal capacitance, surrounded by a heat-transfer film, which 
is mainly resistance. As Fig. 1-5 shows, this is thermally equiv¬ 
alent to a resistance and capacitance in series. Also a pressure 
gage may have a lightweight bellows or diaphragm, which en¬ 
closes a given volume, and a pressure inlet made by a small tube 
that provides resistance to fluid flow. Such instruments may 
be called first-order type. 
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Fig. 1-5. Cross Section of Thermometer Bulb 


Ideally the dynamic response of first-order-type instruments 
to a step change can be represented by ^ 

dd 

dt 

where 6 = value indicated by instrument 
== final steady value 
t - time 

T « time constant ~ RC or min 

This lii)ear first-order differerjtial equation htis the particular 
solution for giveii initial condit ions, 

~ ™ I - (1-2) 

Of 

which represents a single exponential response of the kind shown 
by Fig. 1-6. This figure is plotted in dimensionless ratios so that 



Fig. 1-6. Response of First-Order-Type Instrument to a Step Change 

^In the transient analysis presented here we are using the approach ol 
C. S. Draper and G. P. Bentley, “Design Factors Controlling the Dynamic 
Performance of Instruments,” ASMS Tram., 62 , 5, 421 (1940). 
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a change of time constant T alters the time scale. Notice that, 
as the time constant 7\ which is the measuring lag, becomes 
larger, the response, while maintaining the same shape, becomes 
proportionately slow^er. The time constant T is the time re¬ 
quired to indicate 63.2 per cent of the complete change. In many 
cases the measuring lag is specified by the time required to at¬ 
tain 90 per cent, 95 per cent, or 99 per cent of the full change. 
These specifications are easily converted to obtain the time con¬ 
stant T by use of tables for e~^ as showm in the following: 



To attain, 

Time 

per cent 

T 

63.2 

2.Z0ZT 

90 

2.99(5r 

95 

4.G()5r 

99 


The measuring lag for first-order-type instruments is given by 
the time constant T. It is significant that the measuring lag of 
many thermometers, thermocouples, and pressure gages may be 
specified in this manner with accuracy sufficient for industrial- 
instrumentation purposes. The time constant T is numerically 
equal to tlie product of resistance and capacitance. In a ther¬ 
mometer bulb the resistance to heat flow is given in degrees tem¬ 
perature drop for each British thermal unit per minute heat flow, 
the capacitance is given in British thermal units per degree tem¬ 
perature rise, and their product is minutes. 

The dynamic error following a step change is not so impor¬ 
tant as the dynamic error during a linear change or sinusoidal 
fliange, since a measured variable does not ordinarily change in 
this fashion. 

The dynamic response of these instruments to a linear change 
can be represented by 

de 

T-+e^Ki (1-3) 

dft 

w^here K is the rate of change of the true value of measured vari¬ 
able and the last term, Kt, shows that the actual measured vari¬ 
able is changing linearly with time, A particular solution for 
given initial conditions is 
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Q i 

Yt T 


1 -f- 


( 1 ^) 


and the solution is plotted in Fig. 1-7, using dimensionless quanti¬ 
ties. It is apparent that, after the transient has disappeared, 
the instrument lags behind by essentially a constant time and a 
constant value. Tiie transient disappears after a time equal to 
about three time constants, since by then 95 per cent of the lag 
is attained. 



Time, t/T 

Fig. 1-7. Besporiisc of First-Order-Type Jiislnimciit to a Linear Change 

The lag of the instrument is given directly by the time con¬ 
stant T, and we now see why this particular value was chosen. 
For example, a thermometer having a time constant of 1.0 min 
will ultimately lag behind a linear change by 1.0 min. The 
dynamic error is given in this case by the value KT, For the 
thermometer with 1.0-min lag and a linear change of 5.0"^ tem¬ 
perature per min, the dynamic error is 5.0'^. By this we see also 
that the dynamic error increases directly with the rate of change 
of the measured variable. If a small dynamic error is desired 
(high fidelity), either the instrument must have small lag, or the 
measured quantity must change slowly. 

The dynamic response tc a sinusoidal change is found from 

de 

T -h ^ = -4 sin 0 )^ 

dt 


(D5) 
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where 6 = value indicated by instrument 
t = time 

T = time constant, RC sec or min 
A ~ amplitude of cycle of measured variable 
0 ) ~ circular frequency of cycle 

A solution with given initial conditions and with the transient 
terms omitted is 


T—1 = - sin {(Jit — il>) (1“6) 

Vi + ioiTf 

where <t) = arc tan cjT" = lag angle and the subscript ss denotes 
steady state. 

This equation shows that the instrument lags the measured 
variable by a geometric angle 4> and also that the amplitude is 
reduced or attenuated. Because the complete equation yields 
little information, the lag and d 3 mamic error may be treated 
separately. 

The instrument produces a sine wave, which is displaced by the 
lag angle 4> varying from 0 towards 90 geometrical degrees. How¬ 
ever, the phase lag in degrees is not so convenient as the lag of 
the instrument expressed in time units as follows: 

1 

Lag ~ arctan oiT (1-7) 

O) 


and this equation is plotted in Fig. 1--8. Suppose that the ther¬ 
mometer with a time constant of 1.0 min measures a temperature 
cycling vvith a 10-min period. The lag is 


Lag = 


10 /2ir \ 

— arctan ( — 1.0 1 
27r \10 / 


0.89 min 


Figure 1-9 shows the ratio of amplitudes, which is 

[—1 = - ( 1 ~ 8 ) 

IaL VrViuiTf ^ 

The instrument fidelity decreases rapidly when either its meas¬ 
uring lag increases or the fluctuations in actual measured vari¬ 
able become rapid. With the thermometer of 1.0-min lag and a. 
cycle of temperature of 10-min period, the amplitude indicated 
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by the instrument is only 85 per cent of the actual value. If the 
measuring lag of the thermometer increases to 5.0 min, which is 
entirely possible, the amplitude drops to 31 per cent. If the 
measuring lag is 1.0 min but the cycle increases to a 2-min 



Fig, 1-8. Lag of First-Order-Type Instnunent to a Sinusoidal Change 

period, the amplitude drops to 31 per cent. Under sueh condi¬ 
tions the dynamic error of the instrument is so large that the 
insirument readings are meaningless. If the instrument must in¬ 
dicate a true value within 10 per cent, then the number wT must 
be about 0.6 or less. 



0 ID 2n 10 4D 
Number, taT 

Fia. 1-9. Amplitude Response of First-Order-Type Instrument to a 
Sinusoidal Change 

Dynconic RmponM of Secood-QFdeivType Instrumants 

Many instruments are not of first-order type but have addi¬ 
tional lag because of the existence of a mass which must be ac¬ 
celerated or because more than one element of fluid capacity is 
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involved. Usually a thermometer bulb is surrounded by a metal 
or ceramic tube for purposes of protection, as indicated in the 
diagram on the left in Fig. 1-10. The primary element can be 
assumed to be mainly thermal capacity, the air gap mainly re¬ 
sistance, the well mainly thermal capacitance, and the heat- 
transfer film resistance. Likewise, a pressure gage may have a 
similar construction involving separated resistances and capaci¬ 
tances, as indicated on the right in Fig. 1-10. 



Fig. 1-10. Instruments of Second-Order Type 


Most mechanical instruments such as pressure gages and 
manometers have some small but appreciable mass, which must 
move during instrument operation. The pressure gage of Fig. 
1-11 has a mass in the system, a spring, and a viscous damping 
means. This last is often nothing but the air damping and vis¬ 
cous friction of the moving members. The liquid manometer of 
Fig. 1-11 also has these same components, with damping caused 
by viscous fluid friction. These instruments may be called 
second-order type. 

All the instruments of Figs, 1-10 and 1-11 possess a dynamic 
response to a step change that may ideally be described by means 
of a second-order differential equation such as the following, 


d^e de , ^ 

+ «! -- + Oifi =* a^fiF 

cLit dtf 


where 6 » value indicated by instrument 
Bf « final steady value 
t «» time 

02 f oif oo ^ constants 




Response of Second-Order-T 3 rpe In8tnunent49 19 

It is necessary to derive the constants for equation 1~9 by 
analysis of each instrument. For instruments similar to those 
in Fig. 1~10, the constants are combinations of the resistances 
and capacitances. For the pressure gage of Fig. 1-11, the con¬ 
stants include the mass, the damping, and the spring gradient. 

For instruments having lotating instead of linear motion, 
mass becomes moment of inertia. For the fluid manometer of 
Fig. 1-11, the constants include the length of the column and 



Fig. Instruments of Mass-Spring-Damping Type 


a damping factor. For a galvanometer-type electric instrument 
the constants become those for moment of inertia, electrical 
damping, and spring gradient. 

The solutions to equation 1-9 are well known and involve 
three cases: an oscillatory condition in which the roots of the 
auxiliary equation are conjugate complex with negative real 
parts; critical damping in which the roots are negative, real, and 
equal; and an overdamped condition in which the roots are nef'' - 
tive, real, and unequal. 

The particular solutions for given initial conditions are: 


1. Oscillatory Response f < 1: 


$ 


1 - 


Vi -r* 


-t/T 


Vi - r* t 



coe 


( 1 - 10 ) 
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2a2 

where T » — = characteristic time 

f = a/ ii V4a2ao ^ clamping ratio 
<t> - arcvsin (f) 

2. Critically Damped Response, = 1: 
6 


dp 


== 1 






3. Overdamped Response, >'>1: 


1 


•e 


r+i T 




-2> i 

^>+ir 


- 1 


( 1 - 11 ) 


( 1 - 12 ) 


1 fVl - (la^Oo/a,*) . 

where v =- - 7 ======rz:u.:r==r^ = damping number 

1 -VT^(4a2ao/ai2) 

These responses are given in Fig. 1-12 for various values of 
the j^arameters. The graph is dimensionless again, so that a 
change of characteristic time T alters the time scale. The meas¬ 
uring lag is first of all directly proportional to the characteristic 



Fig. 1-12. Response of Second-Order-Type Instrument to a Step Change 
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time T] n larger characteristic time T produces a greater meas¬ 
uring lag and a slower response. In addition, an increase in 
damping ratio f or an increase in damping number v also in¬ 
creases the measuring lag and makes the response slower. We 
see therefore that two numbers are required to express the meas¬ 
uring lag of such instruments. 

Most pressure gages and most manometers have a slightly os¬ 
cillatory response with a damping ratio f between 0.5 and 1.0, 
unless they are provided with special damping means. A greater 
damping obtained by closing a restriction between the legs of a 
fluid manometer can greatly increase the measuring lag. For 
these instruments the characteristic time T depends on the ratio 
of mass or moment of inertia to damping. A small mass is there¬ 
fore highly desirable. 

Most galvanometer-type electric instruments are very nearly 
critically damped, and their measuring lag can therefore be speci¬ 
fied by the characteristic time T. Instrumonts, particularly 
temricrature-measuring elements, like those in Fig. 1-10 are gen¬ 
erally overdamped. Consequently, their measuring lag can lx 
specified only by giving the characteristic time T, as well as the 
damping number v. In general, an increase of either resistance 
or capacitance increeses the characteristic time but may either 
increase or decrease the damping number. 

The dynamic response of these instruments to a linear change 
is found from 

dS 

a2 —+ ai-~ + aod = Kt (1-13) 

dr dt 

The solutions to this equation for given initial conditions are: 


1. Oscillatory Response, f < 1: 


e 

KT 



+ ?J4 + 


(2j-‘ - D" 

(1 - 




COS 


■ Vi - I 
- } T 


<t> 


where <t> — arcsin-r- 

L -\ 


(1-14) 
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2. Critically Damped Response, f = 1: 


e 

KT 


T 


-2 + e-‘’^ 


t ■ 
T. 


(1-16> 


3. Overdamped Response, r > 1: 
Yt~1'~ \2v / ^ 2(r - 1) 


L 

T 


Mp - 1 } 


-2i- 


.'+1 


r 


(1-16) 


These equations are plotted in Fig. 1-13, again with dimension¬ 
less ratios. The instrument lags behind the true value by an 


Fia. 1-13. 
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Response of a Secoiul-Oider-Typc Instninient to a Linear 
Cliange 


amount depending on both its characteristic time and its darnp- 
e,ratio or dain])ing number. In fact, a little study of the fore¬ 
going- cfjuation.s shows that the lag after tlie transient period can 
be e.\{^)rei<.'-e<l as follows: 

1. 0»ciIi:.tory Response, j" < 1: 

Lag = 2fT (1-17) 

2. (’riitiejiily Damped Response, f = 1: 

' Lag = 2T 


(1-18) 
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3. Overdamped Response, f > 1 : 

(y + 1 )^ 

Zv 

As an example, a pressure gage with a damping ratio of 0.5 
and a characteristic time of 1.5 sec has a lag of 0.75 sec. A ther¬ 
mal element with a characteristic time of 2.0 min and a damp¬ 
ing number of 10.0, for example, shows a lag of 6.05 min. 

The dynamic error during a linear change is given by: 

1. Oscillatory Response, f < 1: 


Dynamic error = 2^^KT 

(1-20) 

2. Critically Damped Response, f ~ 1: 


Dynamic error = 2KT 

(1-21) 

3. Overdamped Response, > 1: 


(y + 1)^ 

Dynamic error =- KT 

2v 

(1-22) 


In the pressure gage with a damping ratio of 0.5 and a char¬ 
acteristic time of 1.5 sec the dynamic error with a rate of change 
of 5 units per second is 3.75 units. For the thermal element 
with a characteristic tune of 2.0 min and a damping number of 
10.0 and with a rate of change of 2 units per minute the dynamic 
error is 12.1 units. 

The dynamic response to a sinusoidal change is represented by 
dH dd 

02 — + -h oo^ = A sin U (1-23) 

dt^ dt 

where A = amplitude of cycle of measured variable 
w == circular frequency of cycle 

A solution with given initial conditions and with the transient 
terms omitted is 

where fi fa>r -» frequency number 
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<t> = arctan 
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2f(aT 


- 2r«7' ■ 

.1 - (fcor)^ 


lag angle 


The various constants for the three types of response are related by 

{v + I)r ^ Ji_ 

«» 


fT = 


2\/r 


(1-25) 


where u»„ is the circular undamped frequency. We are interested 
in the amplitude of the cycle indicated by the instrument, and 
this is given by 

V(1 - 

This function is plotted in Fig. 1-14, and it is evident that the 
instrument may indicate either a greater or smaller than true 



Fio, 1-14. Amplitude Response of Second-Order-Type Instrument to a 
Sinusoidal Change 

amplitude. This is the well-known phenomenon of resonance in 
a vibrating system. It may occur jn a pressure gage when the 
measured pressure fluctuates at a frequency for which is 
near 1.0. For a pressure gage with a damping ratio of 0.5 and a 
characteristic time of 1.5 sec. if the frequency of cycle in pres- 
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sure is 0.1 per second, then w is 0.2ir, and Fig. 1-14 shows the 
amplitude to be 1.04 or 4 per cent greater than the true value. 
With a temperature-measuring instrument having a character¬ 
istic time of 1.0 min, a damping number of 10, and measuring 
a temperature with a period of 10 min, the frequency w is 0.63> 
and the amplitude is therefore 0.26 or only 26 per cent of the 
true value. Temperature-measuring elements always have an 
overdamped response; consequently, it may be seen from the 
graph that they must be operated at very low frequencies in 
order to maintain a small dynamic error. 

The lag of the instrument can be expressed in time units as 
follows: 

1 r 2r2a)T 1 



0 0.5 1.0 1.5 2,0 

Frequency ratio, ^(i>T 

Fig. 1~15. Lag of Sooond-Order-Type Instrumr at in a Sinusoidal Change 

For a pressure gage with a damping ratio of 0.5 and a charac¬ 
teristic time of 1.5 sec, the lag is 1.12 sec. The lag of a thermal 
element with a characteristic time of 1.0 min and a damping 
number of 10 is 2.57 min. The lag increases as the frequency of 
cycle of measured variable increases, as the damping ratio or 
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damping number increases, and as the characteristic time in¬ 
creases. 

Unfortunately the dynamic response of all instruments is not 
covered by the preceding analysis, although for most practical 
purposes it is sufficient. It is apparent that Ave might have in¬ 
strument meclianisms that can be described only by third-, 
fourth-, or higher-order differential equations. 

Problems 

1-1. Suppose that your home has a thermostat which indicates the 
“temperature’' of the room. Discuss the meaning of this measurement. 
Why is the temperature measured? Of what use is it? Suggest what 
measurements must be made if the “crmifort” of the room is to be deter¬ 
mined. 

1-2. For an ordinary mercury-in-glass thermometer name the parts tliat 
might constitute the primary element and the indicating element, 

1-3. A thermometer is calibrated 325 to 400®F. The accuracy is si)ecified 
to be within d;0.25 per cent. What is Oie maximum static error in units? 

1-4. A flowmeter is calibrated 0 to 10,000 cu ft p(ir hr. The accuracy is 
specified as witliin ±0.75 per cent above 20 per cemt of scale reatiing. 
What static error in units is possible if the instrument indicates 800C cu 
ft per hr? 

1-5. A transmitter, relay, and receiver are used in measuring a pressure 
at a remote point. The specified accuracies are: 

Transmitter Within ±0.25 per cent 

Kelay Within ±1.0 j>er cent 

Receiver Within ±0.75 per cent 

What is the root-square accuracy? 

1-6. The dead zone of a certain pyrometer is 0.125 per cent of span. 
The calibration is 800 to 1800®F. What temperature change might occur 
before it is detected? 

1-7. The time constant of a simple thermometer may be found by im¬ 
posing a step change and noting the time required to achieve 63,2 per cent 
of the final value. Suppose this time is 0.23 min. If this thermometer is 
used in a bath, the temperature of which is cycling 3 times per minute, 
what per cent of actual amplitude would it indicate, and how many min¬ 
utes is it delayed? 

1-8. A pressure is cycling from 80 psi to 90 psi with a period of 5 sec. 
The attenuation of the cycle must be limited to 10 per cent. 

(a) What maximum time constant is permissible in a prcwssure gage with 
a first-order-type response? 

(b) What characteristic time is permissible in a critically damped pres- 
sure gage of the majss-epring-damping type? 
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1-9. The temperature of a furnace is raised at the rate of 300®F per hr. 
The instrument must not be in error by more than 10®F. What maximum 
time constant is permissible if the instrument has a first-order-type 
response? 

1-10. The temperature of a tempering bath falls at a rate of 1®F per sec. 
The thermometer used for measuring the temperature of the bath has a 
second-order response with characteristic time of 0.1 min and a damping 
number of 10, 

(a) How many minutes does the thermometer lag behind the bath tem¬ 
perature? (b) What is the maximum dynamic error? 

1-11. A home thermostat for on-off control of room temperature pro¬ 
duces a C 3 ^cle with a 30-min period and 3®F amplitude. If a thermometer 
with a lag of 4.0 min is placed beside it, what cycle should it indicate? 
Assume the thermometer has first-order lag. 
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The thermometer is, without question, the most widely used in¬ 
strument in industrial processing of all kinds. It is simple to 
use and economical and provides reliable performance under a 
variety of applicational conditions. Many forms of the expan¬ 
sion thermometer are in use; all of them are based on the ther¬ 
mal expansion of a solid, liquid, or gas, and each may be found 
in hundreds of varieties and forms. Of these many types, the 
mercury-in-glass thermometer, the bimetallic thermometer, and 
the pressure-spring thermometer are discussed in sufficient detail 
to give a thorough background of the fundamentals in applying 
thermometric measurements. 

Thermometers are employed for the measurement of tempera¬ 
ture. On the whole, temperature is the most important variable 
in industrial processing, primarily because it is a fundamental 
condition characteristic of the thermal state of a body. Speak¬ 
ing of industrial processes, it is this thermal state that deter¬ 
mines whether desired chemical reactions will take place, as in 
certain chemical processes, or whether the physical conditions 
of a manufactured product are correct. Temperature and heat 
flow are related qualitatively by the second law of thermo¬ 
dynamics, which expresses the fact that heat flows of its own 
accord from a body at a higher temperature to a body at a lower 
temperature. It is therefore important in temperature measure¬ 
ment to remember that two bodies in intimate contact are at the 
same temperature only if there is no heat flow between them. 
Temperature measurement is based on the so-called zeroth law 
of thermodynamics, which states that two bodies in thermal 
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equilibrium with a third body are in thermal equilibrium with 
each other. 

Temperature Scales 

A scale representing quantitatively the temperature of a body 
is arbitrary. Temperature scales are determined by choosing a 
particular physical property of a body, such as the thermal ex¬ 
pansion of a gas at constant volume or the change of electrical 
resistance of a wire with temperature; designating two thermal 
equilibrium points by numbers; and subdividing the interval 
into a number of equal parts. However, since such scales de¬ 
pend on different physical properties, the temperature intervals 
need not be identical, even though the numbers on the scales 
agree. 

Suppose, by way of simple example, that the thermal expan¬ 
sion of a solid-metal bar is directly proportional to temperature 
and that the thermal resistivity of a wire is proportional to the 
cube of temperature. If we place the rod and the wire in a 
heated enclosure, we can put a mark on the rod and measure 
the resistance of the wire. These points can be marked 0°. If 
we further heat the enclosure and mark new points and call 
them 100^, these intervals may be divided into 100 equal parts, 
and we have a teui])erature ^^scale.^' However, it is easy to see 
that a degree on the ^^expansion^^ temperature scale and a degree 
on the ‘^resistance” temperature scale do not represent the same 
amount of change in thermal equilibrium—our scale is not inde¬ 
pendent of its working substance. 

An ideal temperature scale is independent of the substance 
used in defining it. Such a scale was suggested by Lord Kelvin 
and is called the thermodynamic scale. This scale is based on 
the availability of energy and is arranged so that the ratio of 
the values of any two temperatures is equal to the ratio of the 
heat taken in to the heat rejected by a reversible heat engine 
working with a heat source at the higher temperature and a heat 
sink at the lower temperature. If a number of reversible heat 
engines were arranged to operate on the same Carnot cycle, all 
but the first receiving the heat rejected by its predecessor, then 
the temperature change through each engine would represent a 
temperature interval. This defines the thermodynamic scale in- 
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dependency of the working substance. Suppose we call the 
temperature at which heat is taken in by the first engine some 
fixed number and then number all the engines at progressively 
lower temperatures. The engine in the series that discharges no 
heat would end the series. This point is called absolute zero. 
On the Kelvin thermodynamic temperature scale the equilibrium 
temperature of ice and water at standard pressure is called the 
ice point and is 273.16°K. The equilibrium temperature of water 
and steam at standard pressure is called the steam point and is 
373.16°K. 

There are a number of other temperature scales, all based on 
the ideal thermodynamic scale but using different units. ^ The 
most important industrially are: Fahrenheit, centigrade, Kelvin, 
Rankine, and Reaumur. 

The Fahrenheit scale, abbreviated °F, was introduced about 
1665 and is used in most English-speaking countries. This scale 
assigns 0°F to the lowest temperature of a certain salt-and-ice 
mixture, 32°F to the ice point, and 212'^F to the steam point. 

The centigrade scale, abbreviated was introduced about 
1740 and is commonly used in European countries, where it is 
called the Celsius scale. It is also commonly used in technical 
scientific literature. This scale assigns 0°C to the ice point and 
lOO^^C to the steam point. 

The Kelvin scale, abbreviated ®K, is also called the centi¬ 
grade absolute scale. It is much used in technical literature. 
This scale assigns 273.16°K to the ice point and 373.16°K to 
the steam point. 

The Rankine scale, abbreviated ®R' and also called the Fahren¬ 
heit absolute scale, is commonly used in engineering literature. 
It assigns 491.69°R' to the ice point and 671.69°R' to the steam 
point. 

The Reaumur scale, abbreviated ^R, was introduced about 
1731 and is used in a few European countries. It assigns 0°R 
to the ice point and 80°R to the steam point. This scale is often 
used in the alcohol industries. 

The relationship of the various temperature scales is shown in 
Fig. 2--1. The equation relating Fahrenheit temperature to cen¬ 
tigrade temperatures is: 
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Constant-Volume Gas Thermometer 
°C = f (®P ~ 32 ) 

and the interrelation of all scales may be readily found. 

An international temperature scale ^ has been set up, in order 
to define the temperature intervals on the basis of equilibrium 
of various substances, as shown in Table A-l (appendix). 
From ~310°F (-190^0) to 1220°F (660^^0 the international 
temperature scale is defined by the resistance of a platinum re- 
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sistance thermometer. From 1220'F (660 < to ]945*''F 
(1063®C) the scale is defined by the elcotromoiive force (emf) 
of a platinum versus piatinurn-riiodium thermocouple. Above 
1945®F (]063°C) the scale is defined by a formula for the radia¬ 
tion of a black body. For all practical purposes one degree 
Kelvin is i le same as one degree centigrade on the international 
scale. 

Constant-Volume Gas Thermometer 

The reference standard in thcrnKnnetry is the constant-volume 
gas thermometer employing helium below 32"^F, hydrogen be¬ 
tween 32 and 212"’F, and nitrogen above 212°F, This ther¬ 
mometer is used in the laboratory for C()m])arison calibration of 
other thermometers. The gas is maintained at constant volume, 

1 H. F. Stimson, J. Research Natl. Bur. Standards 42, 209 (1949). G. K. 
Burgess, Bur. Standards J. Research 1, 635 (1928). 
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and, by the ideal-gas law, the pressure is directly proportional 
to temperature. However, helium, hydrogen, and nitrogen are 
not ideal gases, and, consequently, the deviation from ideal be¬ 
havior makes it necessary to correct the temperature indications.^ 
The pressure reading of the thermometer can therefore be related 
to the ideal thermodynamic temperature scale. 

Mercury-in-Gloss Thermometer 

The mercury-in-glass thermometer, widely used in both lab¬ 
oratory and industry, is one of the simplest temperature-meas¬ 
uring devices. It utilizes the volumetric expansion 
of mercury with temperature as a means of indi¬ 
cating the temperature. As illustrated in Fig. 2-2, 
the typical industrial thermometer has a bulb 
formed by a glass envelope, which contains mer¬ 
cury, enclosed in a metal well. As heat is trans¬ 
ferred through the well and metal stem and into 
the mercury, the mercury expands, pushing the 
column of mercury higher in the capillary above. 

The scale calibration of a mercury thermometer 
is not exactly linear, although the variation from 
linear is small. First, the glass envelope of the 
thermometer expands and contracts with tempera¬ 
ture changes. This changes the volume inside the 
thermometer and must be taken into consideration 
in original calibration. Second, the coefficient of 
cubical expansion for mercury varies somewhat 
with temperature. Third, the space above the 
Fig. 2-2. In- mercury in the thermometer bore is sometimes 
dustrial Mer- filled with dry nitrogen under pressure. The pur- 

TW^meler elevate the boiling point of 

the mercury when the thermometer is used at high 
temperatures. The boiling point of the triple-distilled mer¬ 
cury, commonly used in thermometers, is about 675°F (357°C). 
Therefore, when the mercury column rises, the gas pressure 
increases, causing elastic expansion of the thermometer walls 
and compression of mercury volume. 

* These corrections are given in a number of handbooks. For example, 
see Handbook of Chemistry and Physics, 1947, p. 2455. 
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There is sometimes a gradual change in volume of the ther¬ 
mometer, due to aging over long periods of time. Always, how¬ 
ever, the glass in good-quality industrial thermometers is aged 
before use, in order to reduce this effect. 

The industrial mercury-in-glass thermometer is constructed as 
shown in Fig. 2-2. It is contained in a metal case with the bulb 
inserted into a metal thermal well. A metal scale is mounted 
behind the upper end of the thermometer, and a glass covers the 
scale. This provides complete protection for the thermometer 
itself, making a rugged and compact instrument. The stem is 
generally protected and insulated by packing. 

The thermal well is provided for the purposes of preventing 
breakage and providing a sealing means at the point of installa¬ 
tion, It is generally of brass or steel, although cast iron, Monel, 
stainless steel, and aluminum are sometimes used. For use in 
ovens and air ducts, perforated metal guards are employed for 
protection against breakage. 

The glass of the thermometer stem is generally shaped so as 
to magnify the apparent width of the thread of mercury. The 
industrial thermometer can be obtained in many shapes suited 
to particular applications: some with the thermometer bulb at 
an angle to the scale, some with the scale rotated to any desired 
angle. 

The temperature range in wdiich the industrial mercury-in- 
glass thermometer is used is —38 to 950°F. Lower temperatures 
are limited by the freezing point of mercury, which is — 38°F. 
Consequently, a mercury thermometer cannot be used below this 
point. 

For overrange protection, that is, when the thermometer is 
subjected to temperatures higher than the highest calibrated 
point, a small reservoir is formed at the top of the thermometer 
bore. As the mercury expands i)ast the highest calibrated point, 
it slow^ly fills the reservoir, and the thermometer can be sub¬ 
jected to higher temperatures without breakage. 

The accuracy of the industrial thermometer, when properly 
installed and used, is about dbl per cent of span. To achieve 
this accuracy, the thermometer should be installed in such a 
manner that the bulb is at temperature equilibrium with its sur¬ 
roundings. The thermometer bulb should be installed in such a 
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way that the speed of flow of the surrounding medium past the 
bulb is sufficient to provide rapid heat transfer. It should be 
immersed to a sufficient length that the heat loss along the 
thermal well to the surroundings is a minimum; otherwise, what 
is kiujwn as “immersion error” will result. The temperature of 
the scale and surroundings should be relatively near ordinary 
room tern])erature, so tljat errors due to expansion or contraction 
of thermometer bore and calibrated scale are small. 

The speed of response of the industrial mercury thermometer 
will vary eonsiderai)]y, depending mainly on the characteristics 
of the Huid iruaJium in which it is inserted and on the size of the 
thermometer, j)a,rtieiilarly tiie size of the thermal well. The 
space helween bulb and well may be filled with a conducting 
li(}ui(i such as mercury or oil, in order to increase the rate of 
heat transua*. The time constant of its response will range from 
0.01 min to several minutes, depending on the conditions of use. 

The industrial inereury-in-glass thermometer is used in appli¬ 
cations su(‘h as open tanks containing liquids, cooking kettles, 
certain molten-metal baths, steam lines, pipe lines for fluid flow, 
anrl air ducts. In these cases a simple inexpensive temperature- 
indicating device, having n'asonable accuracy, precision, and 
s]:)eed, is required. It should not be employed when rapidly 
fluctuating temperatures are to be measured with high accuracy 
or where fluctuating ambient temperature conditions are encoun¬ 
tered. In some instances filling media other than mercury are 
used, in order to extend tlie range of the mercury thermometer. 
Other media sucli as ethyl alcohol, pentane, toluene, or a hydro¬ 
carbon compound are used. (Refer to Table A-3, appendix.) 

Bimetallic Thermometer 

The bimetallic thermometer is commonly used wherever the in¬ 
dustrial mercury-in-glass thermometer is employed. The con¬ 
struction of a bimetallic-strip element provides a rugged yet ac¬ 
curate and simple device for the indication of temperature. A 
bimetal is composed of two strips of metal welded together, 
each strip made from a metal having a different coefficient of 
thermal expansion. This is shown schematically in Fig. 2-3. 
For a bimetal in the form of a straight cantilever beam, tempera- 
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ure changes cause the free end to deflect, and this deflection can 
)e related quantitatively to the temperature change. The de¬ 
flection with temperature is nearly linear, depending mainly on 
the coeffieients of linear thermal expansion. 

Invar is universally employed as the low-expansion metal. 
Invar is an iron-nickel alloy containing about 36 per cent nickel. 
Its temperature coefficient of expansion is about Ho that of ordi¬ 
nary metals. As the high- 
expansion metal, brass is 
used at lower temperatures 
and nickel alloys at higher 
temperatures. 

The form of the industrial 
bimetallic thermometer is 
shown in Fig. 2-4. The bi¬ 
metal is wound in the form 
of a helix, with one end fas¬ 
tened pernianeiitly to the outer casing and the other end con¬ 
nected to the pointer stem. A pointer is attached to the upper 
end oi the stem and sweeps over a circular dial to indicate the 
temptra/j.irc. \\1nni t he t^^mperature surrounding the w'hole stem 
change^ ine bimetal expands and the helical bimetal rotates at 



Fig. 2-4. Industrial Bimetallic Thernioineter 


its free end, thus turning the inside stem and pointer to a new 
position on the dial. 

A thermal well may be used with the thermometer for pro¬ 
tection against corrosion and breakage. The material of the 
thermal well may be braes, steel, stainless steel, or other alloys, 
depending on the requirements of the installation. Otherwise, 
the thermometer may be used with a bare stem. The shape of 
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Fig. 2-3. Simple Bimetal 
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the thermometer can be selected to suit particular needs with 
the scale and stem at different angles. 

The temperature range covered by the industrial bimetallic 
thermometer is —40 to 800°F. Practical limits to the tempera¬ 
ture range are encountered at low and high temperatures, be¬ 
cause either the stress of the bimetal during deflection must be 
limited to reasonable values, or the materials used in construct¬ 
ing the thermometer are subject to creep at high temperatures. 
A bimetallic thermometer will, in general, withstand about 50 
per cent overrarige in temperature, depending on the ability of 
the bimetal to be overstressed. The accuracy of this thermome¬ 
ter, when properly installed, is about ±1 per cent of span. 

As with the mercury-in-glass thermometer, the stem should be 
inserted in the medium far enough to minimize immersion error. 
The speed of the flowing medium should be high enough to in¬ 
sure rapid heat transfer. Changes in ambient temperature at 
the head of the instrument do not seriously affect the accuracy, 
so long as the stem is immersed to a depth that will cover the 
bimetallic element inside the stem. 

The speed of response of a bimetallic thermometer depends 
greatly on the conditions under which it is installed and is com¬ 
parable to a mercury-in-glass thermometer. 

Prossuxe-Spring Thermometer 

The construction and mechanical operation of all industrial 
types of pressure-spring thermometers are virtually identical. 
Briefly, the liquid-expansion thermometer utilizes the cubical 
expansion of a liquid, generally mercury, to indicate the tem¬ 
perature. The gas-expansion thermometer operates at substan¬ 
tially constant volume, the pressure of the gas being proportional 
to temperature. The vapor-actuated thermometer is operated by 
the vapor pressure of a liquid. 

The thermal system for all pressure-spring thermometers is 
very similar to that shown in Fig. 2-5. A metal bulb contains 
the thermometer fluid, a liquid, a gas, or a liquid-vapor, and is 
inserted at the point at which the temperature is to be meas¬ 
ured. The bulb comes to temperature equilibrium with its sur¬ 
roundings, thereby developing a given pressure or displacement 
of fluid. A metal capillary is connected to the bulb and trans- 
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mits the pressure at the bulb to the receiving element at the in¬ 
strument. The receiving element is a form of bourdon tube or 
pressure spring and is used to convert the pressure or displace¬ 
ment of fluid in the thermometer bulb into a motion. This mo¬ 
tion is multiplied by a linkage to oj)erate a pen arm over a mov¬ 
ing chart for recording purposes, or to operate a pointer over a 



Fig. 2-5. Industrial Prcssui-o-Spring Thermometer 

stationary scale for indication of temperature. The thermal sys¬ 
tem, consisting of bulb, capillary, and receiving element, is a 
hermetically sealed unii. 

The construction of the thermometer bulb and thermal well is 
shown in Fig. 2~6. The bulb is composed of a cylindrical piece 
of metal tubing, closed at one end and with the capillary and 



extension neck inserted at the other end. The size of the bulb 
varies considerably, depending on the type of filling medium, 
the temperature span of the instrument, and the length of capil¬ 
lary tubing with which it is used. For comparable temperature 
ranges and capillary lengths the dimensions of the bulb are given 
in Table 2-1. It should be noted that the dimensions given in 
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Table 2 - 1 . Phbssube Thermometer Bulb Sizes 





Overall 


Diameter, 

Length, 

Volume, 

Type 

in. 

in. 

cu. in. 

Vapor actuated 


5 

0.56 




0.69 


% 

12 

1.3 

Mercury 



0.42 




1.3 



7H6 

2.9 

Gas 

1 

5 

3.9 


H 

10 

4.4 


1 

10 

7.9 

the table are by way 

of example only. 

They 

will vary consider- 

ably, depending on 

the manufacturer since 

there are literally 


hundreds of combinations of type, range, and capillary length. 
The averaging (capillary) thermometer bulb is shown in Fig. 
2~7. It is compoeed of a long bulb of approximately 




Capiiiary bulb 

Fig. 2-7. Averaging (capillary) Thermometer Bulb 

tubing wound in spiral form and is useful in obtaining average 
temj)erature over an extended region, as in a duct or oven. 

The materials of the bulb are chosen according to the require¬ 
ments of the particular aj>plication as to corrosion, strength, 
wear, and so on. Some of the materials in common use for other 
than mercury-expansion thermometer bulbs are copper, steel, 
stainless steel, and Monel. F(n' mercury-filled thermometer 
bulbs, stainkiss steel is universally used because mercury tends 
to amalgamate wdth copper and its alloys. (See Tables A-6 
and A~7, appendix.) 

The extension neck is made of small-size tubing, and its pur¬ 
pose is to protect the capillary from damage when the bulb is 
being installed or removed. Tlie extension neck is fastened di¬ 
rectly to the bulb, wdth the capillary inside also fastened to the 




Pressure-Spring Thermometer 39 

bulb, and thus both may be bent or shaped to facilitate in¬ 
stallation. 

A thermal well may be used with the thermometer bulb in 
applications where the temperature of fluids under pressure is 
to be measured, where extra corrosion protection is desired, or 
where extra mechanical strength is required. The mechanical 
fit between thermometer bulb and thermal well is made as rea¬ 
sonably close as possible. Since heat transfer takes })lace mainly 
by conduction, the space be- 
tw^een the bulb and well is 
sometimes filled with oil, mer¬ 
cury, powdered metal, or thin 
metal inserts in order to in¬ 
crease the contact area be¬ 
tween bulb and well. The 
thermal well may be made 
from such materials as copper, 
brass, cast iron, steel, stain¬ 
less steel, Monel, and nickel, 
to name a few. (See Tables 
A-6 and .^-7, appendix.) 

T)ie capillary connects the thermometer bulb to tlie receiving 
element. Tlie distance between bulb and instrunicnt is gener¬ 
ally restricted to 200 ft or less because of the high cost of sys¬ 
tems with greater lengths of capillary. The capillary is made of 
coi)per or steel for all but mercury-filled systems and is about 
Vj 6 hi. f)utside diameter and about 0.015 in. inside diameter. 
Mercury systems employ a staiiihiss-steel capillary with thicker 
walls. For jirotection against damage or against corrosion the 
capillary is enclosed in armor tubing or other protective covering, 
as indicated in Fig, 2-S. The armor may be spiral-wound bronze, 
steel, or stainless steel, or it is sometimes cawered with rubber or 
otlior plastic matcnal. For some applications the ca]hl!a,ry is 
covered with plain cop})er tubing or plain lead tubing, llie 
capillary tubing is the ])art of a thermal system most Yulncrabh‘ 
to damage. Consequently, the capillary not only should be pro¬ 
tected with armor or other covering but also must be installer! 
carefully to avoid mechanical damage. 



Fig. 2-^. Thermometor Capilhiry 
and Ariiior 
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The purpose of the receiving element is to convert the fluid 
pressure or the volumetric expansion in the thermal system into 
a motion which can be amplified by mechanical linkage to oper¬ 
ate a pen or pointer. The receiving element in a recording ther¬ 
mometer is always one of the bourdon-tube forms shown in Fig. 
2-9. The bourdon tube is a metal tube with a relatively thin 
wall bent in the form of a circle and extending roughly 250 or 300 
geometrical degrees. The cross section of the tube is elliptical. 
When a pressure is applied to the inside of the tube, the cross 



Bourdon Spiral Helix 


Fig. 2-9. Pressure Springs 

section deflects toward a more circular form, and this causes the 
tube to straighten, thus moving the tip of the tube along an arc. 
For most ordinary bourdon tubes this motion is about % in. 
and is nearly linearly proportional to the applied pressure. In 
order to increase this motion, the bourdon tube is often made 
with sevcTal turns, wound in a spiral shape with all turns in the 
same plane, or w'ound in a helical form with all turns at the 
same diameter as showm in Fig. 2-9. The cross section of the 
spiral or helix is made quite flat in order to obtain the maximum 
motion possible for a given pressure change. All three forms of 
the bourdon tube are used in recording thermometers and in 
pressure gages. The materials commonly used in the thermome¬ 
ter spiral or helix are phosphor-bronze, beryllium-copper, steel, 
and stainless steel. The mercury-filled thermometer uses only 
steel or stainless steel, of course. 

The industrial pressure thermometer is either an indicating or 
recording instrument. It may indicate the temperature by means 
of a pointer sweeping over a circular dial, or it may record the 
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temperature on a chart of circular form. The details of the 
mechanism vary considerably, according to the manufacturer, 
but one typical arrangement of a recorder is shown in Fig. 2-10, 
The spiral is fastened cantilever fashion at its center, where the 
capillary tubing enters. The free end of the spiral is connected 
by a metal link to an extension on the pen arm. The pen arm 
is thus made to move in an arc over the chart in response to 
movement of the spiral tip. A zero shift for calibration is gen¬ 
erally accomplished by rotating the whole spiral and Ijy moving 



Fig. 2-10. Thermometer Recording Mechanism 


the pen arm with respect to its shaft. A range adjustment is 
made by setting the connecting link so as to vary the ratio of 
spiral movement to pen movement. 

Theory of Volumetric and Pressure Thermometers 

A liguid-expansitm pressure-spring thermometer utilizes the 
volumetric expansion of a liquid caused by temperature changes 
to operate the spiral and thus indicate the temperature. The 
thermal system is solidly filled with the thermal liquid at a 
high pressure, care being exercised to eliminate all entrapped 
air. A temperature increase at the bulb results in an expansion 
of the liquid, which is forced up the capillary tubing, causing 
the spiral to expand. Thus, a liquid-expansion thermometer is 
not, strictly speaking, a pressure thermometer but a volumetric 
thermometer, since pressure changes in the thermal liquid due 
to temperature expansion are incidental. The fluid is considered 
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incompressible. The stiffness or spring gradient of the bourdon 
tube or pressure spring therefore has relatively little effect on 
the calibration of the thermometer. 

The relation between volume of a liquid and its temperature 
is given by the law of cubical expansion: 

Vi - Voil + BT) (2-2) 

where Vi = final volume 
Vo = initial volume 

B = mean coeflBcient of volumetric expansion (Table A-3, 
appendix) 

T = temperature, degrees centigrade 

This equation indicates a linear relation which is not quite true 
since the coefficient of volumetric expansion B varies slightly 
with temperature. When a simple equation such as equation 2-2 
is used, a mean coeflScient B is selected for use in a restricted 
range of temperature. For comparison its value is given in 
Table A~3 (appendix). 

The more complete relation is 

Fi = Fo(l + aT + + yT^) (2-3) 

where Vi = final volume 
Fo = initial volume 
T = temperature, degrees centigrade 

and a, y are the coefficients of volumetric expansion indicated 
in Table A-3 (appendix). 

The volume of liquid required in the bulb is therefore deter¬ 
mined by the expansion coefficients of the liquid and the volume 
change required to operate the receiving element over the re¬ 
quired range. With a given receiving element, a wider tempera¬ 
ture span requires a greater volume of liquid in the bulb. 

Mercury is most widely used as a thermal liquid because of 
the wide temperature range between its freezing and boiling 
points. Infrequently ethyl alcohol or toluene may be used. The 
temperature expansion of toluene and ethyl alcohol is about six 
times as great as that of mercury, and from that standpoint their 
use is advantageous. 
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The scale shape of most liquid-expansion thermometers is 
nearly linear, especially when mercury is used, because the 
second-order and third-order terms in equation 2~3 are small. 
(See Table A-3, appendix.) 

The bulb is subject to some expansion on temperature increase 
while the liquid inside the bulb also expands. The expansion 
of the bulb is small in comparison to the expansion of the liquid, 
since the average volumetric expansion coeflScient of most metals 
is small (from 18 to 30 X 10"® per degree Fahrenheit) compared 
to most liquids (about 101 X 10"® per degree Fahrenheit for 
mercury). However, if the volumetric-expansion coefficients of 
both metals and liquids vary in more or less the same manner 
with temperature, then the only effect of bulb thermal expansion 
is to decrease the net expansion for a given temperature range. 
In general, however, slight variations in the volumetric coeffi¬ 
cients of metals and liquids do occur, and the scale shape of the 
liquid-expansion thermometer is changed to a very slight degree. 

The temperature limits of the mercury-filled pressure ther¬ 
mometer are about — 35°F to 1000®F. Although the boiling 
point of mercury at standard pressure is 675 ®F, the boiling point 
is elevated to over 1(X)0®F by filling and sealing the thermal 
system under high pressure. The mercury thermometer can 
thereby operate up to 1000®F without encountering vapor- 
pressure effects of any appreciable magnitude. 

A gas-expansion thermometer operates on essentially constant 
volume, the gas expanding according to its temperature. The 
pressure created by the expanding gas is measured by means of 
a pressure spring, and the instrument is calibrated for tempera¬ 
ture. The physical law covering expansion of a gas is the ideal- 
gas law, 

pv ^ RT (2~4) 

where p « absolute pressure, pounds per square foot 
V == specific volume, cubic feet per pound 
T = absolute temperature, degrees Rankine 
R ~ gas constant, for a given gas 

The volume of the pressure-thermometer bulb capillary and 
tubing is substantially constant, and so we may write 
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P-(5)t (2-5) 


and we see that the relationship between pressure and temperature 
is ideally linear. For a pressure thermometer of given volume, 


V2 Pi ^T2 — Ti 
P2 T 2 


( 2 - 6 ) 


v;here subscrijit 1 denotes the condition at the lowest point on 
the scale and suhscrj])t 2 indicates the condition at the highest 
point on the scale. Wiien tlie pressure span of the spiral and 
the tem})erature sj)an of the thermometer are known, the pres¬ 
sure range can be determined. 

The volume of gas required in the bulb is determined by the 
gas expansion and by the temperature range of the instrument, 
since 



A wider temperature range requires a larger bulb if the same re¬ 
ceiving element is used. Since the volumetric expansion of a 
gas is relatively small, the bulb of a gas thermometer is normally 
larger than that of cither a liquid-expansion or vapor-actuated 
thermometer. 

The two assumptions of a perfect gas and constant volume 
are not completely valid, however. Most gases are not perfect, 
especially at very low temperatures and very high pressure's, in 
that they do not quite obey the perfect-gas law. Van der Waals' 
variation of the ideal-gas law is sometimes used, 

(v + ^) (*'-«>) = RT (2-7) 

where a and b are van der Waals^ constants for a gas. In gen¬ 
eral, however, it is better to use the compressibility charts where 
the compressibility factor y in the following equation is given 
for various temperatures and pressures, 


( 2 - 8 ) 


pv — yRT 
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Whe never possible, actual data on temperature, pressure, and 
volu ne should be used. 

The volume of the thermometer is made up of the bulb, capil¬ 
lary, and receiving element. The volume change of the bulb due 
to thermal expansion is quite small, the volume change of the 
ca])illary is theoretically zero, but the volume change of the 
receiving element is appreciable, depending on its size. If, now, 
the bulb is made quite large so that the ratio of bulb volume to 
capillary and receiving element volume is 100 to 1, for example, 
then the volume change of the thermal system is negligible, com¬ 
pared to its total volume. We can therefore say that the gas- 
ex[)ansion thermometer operates with constant volume and can 
use the simple form of gas law. 

Nitrogen is nearly always used in the gas-expansion pressure 
thermometer because it covers a wide range of temperatures and 
})eca\isc it is readily available in both quantity and quality. 
uSee Table A-4, appendix.) The scale shape of (he nitrogen 
tfiennumetcr is very nearly linear. Calibration is .iccomplished 
cither by printing the scale or chart to conform to the non¬ 
linearity of tlie gas expansion or by correcting the nonlinearity 
with suitable linkage between instrument pointer and receiving 
element, (hereby allowing the use of linear charts and scales. 

The teniperaiure limits of the nitrogen gas thermometer are 
approximately —200 to SOO^F. The higher temperature limit 
is defined only by the ability to keep the gas confined. The 
metal of the bulb becomes permeable at high temperatures, and, 
if the bulb is maintained at a high temperature for a long period, 
a part of the nitrogen in the system becomes lost, thus destroy¬ 
ing the calibration of the instrument. 

A vapor-actuated thermometer operates from the vapor pres¬ 
sure of a liquid that partially fills the thermal system. The 
vapor pressure is measured by a pressure spring, and the instru¬ 
ment is calibrated in terms of temperature. 

Since the vapor pressure depends solely on the temperature 
at the free surface of the liquid, the vapor-actuated thermometer 
indicates only the temperature existing at the free surface, wher¬ 
ever it may be in the system. Thus the free surface must always 
exist at the bulb and not in the capillary or pressure spring (see 
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Fig. 2-20). The bulb must be large enough to contain all the 
liquid when the bulb temperature is below the temperature of 
the capillary and pressure spring. Further, the liquid volume 
must be large enough to fill completely the capillary and pressure 
spring when the bulb temperature is higher than the temperature 
of the capillary and pressure spring. The volume of liquid re¬ 
quired in the vapor-actuated thermometer bulb is further deter- 
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Fig. 2-11. Vapor-Pressure-Temperature Curves 


mined by the necessity that the thermal system does not become 
soli'Uy filled when all the vapor condenses at the lowest tempera¬ 
ture of the instrument range and that the liquid does not entirely 
vaporize at the highest temperature of the scale. The vapor- 
actuated thermometer bulb may therefore be made relatively 
small. 

There are a number of fluids used for vapor-actuated ther¬ 
mometers. Some of these fluids are shown in Table A~5 (ap¬ 
pendix). The most common fluids in use are methyl chloride, 
sulfur dioxide, ether, toluene, butane, propane, and hexane. The 
vapor-pressure-versus-temperature curves for a few of these 
fluids are given in Fig. 2-11. One will immediately note that 
vapor-pressure and temperature curves are not linear. There- 
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fore, the scale of the vapor-actuated thermometer is not linear 
but has wider graduations at the higher temperatures, as is shown 
by the scale reproduced in Fig. 2-12. This results in the disad¬ 
vantage that temperatures near the lower part of the scale are 
more difficult to read. However, the vapor-actuated thermome¬ 
ter can be made in relatively narrow temperature spans, so that 
almost any measured temperature can be placed on the upper 
portion of the scale. 


100 


Fig. 2-12. Portion of Vapor-Actuated Thermometer Chart 

The range of a vapor-actuated pressure thermometer depends 
entirely on the filling medium. However, temperatures as low 
as —SO^F and as high as 600°F may be measured. With special 
filling media the range may be extended somewhat, 

Stcrtic Accuracy of Thermometers 

The calibrated accuracy of most industrial thermometers is 
dzO.5 per cent of full instrument range. This calibration is made 
with the bare bulb installed in a well-agitated liquid and with the 
capillary tubing and instrument case at a fairly steady ambient 
temperature. 

The sources of static error in the industrial pressure thermome¬ 
ter are the ambient-temperature effect, the head effect, the baro¬ 
metric effect, the immersion effect, and the radiation effect. 

The effect of ambient-temperature changes at the capillary 
and at the receiving element of a liquid-expansion thermometer 
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is to cause the instrument to be in error. The ambient-tempera¬ 
ture chect for the liquid-expansion thermometer can be calcu¬ 
lated from 


Ex 


+ VeTe 

~'Vb 


(2-9) 


where Et — total ambient error, degrees Fahrenheit 

Vc “ volume of licjuid in capillary, cubic inches 
Vc ” volume of iKpiid in ])ressure spring, cubic inches 
Vii ~ volume of liquid in bulb, cubic inches 
Tc = temperature change at capillary, degrees Fahrenheit 
Te ~ temperature change at pressure spring, degree!^ 
Fahrenheit 


Suppose, for example, that the temperature at the bulb, capil-' 
lary. and spiral of a O-lOO^F-range mercury thermometer is 
60''F. Let the volumes of mercury in the bulb, capillary, and 
receiving element be 0.8 cu in., 0.2 cu in., and 0.2 cu in., re¬ 
spectively. If the temperature along the capillary or at tiie re¬ 
ceiving element (‘hanges to Gl^F and the bulb remains at OO^F. 
the instrument will have an ambient error of 0.25‘^F. It there¬ 
fore becomes necessary to compensate a liquid-expansion ther¬ 
mometer for temperature changes along the capillary and at the 
receiving element if the ambient-temperature changes are large. 

Ambient-temperature compensation is accomplished in several 
different ways. First, if tlie ratio of volume of liquid in the 
bulb to volume of liquid in the capillary and receiving element 
is large, say 1000 to 1, ambient errors would be small. Gener¬ 
ally, how(‘ver, this cannot be accomplished without making the 
thermometer bulb excessively large. Compensation of a liquid- 
expansion thermometer for ambient-temperature changes at the 
receiving element is afforded by using either a bimetal strip or 
a second receiving element, arranged as indicated in Fig. 2--13. 
It may be seen that, if this is properly constructed, ambient- 
temperature changes at the receiving element will result in no 
change of indication at the thermometer. Compensation of a 
liquid-expansion thermometer at the receiving element and at 
the capillary is accomplished by using a volumetric compensa¬ 
tion or a second receiving element and capillary, as indicated in 
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F5g. 2-14. Volumetric compensation (Taylor Instrument Com¬ 
panies) consists of using a small wire inside the capillary tubing. 
The wire and capillary tubing are made of different materials 
(diagram at the left in Fig. 2-14). A temperature increase 
along the capillary causes the capillary, the mercury, and the 

Pressure Pressure 



Fic. 2~13. Methods for Ambieut-Ternperature Conipensafion at Pressure 

Spring 

wire to expand. If the capillary expansion is greater than that 
of the wire, the expansion of the mercury can be compensated, 
so that the net volumetric expansion of the system is negligible. 
Ambient-temperature ci)anges at the capillary therefore do not 
affect the ojieration of the thermometer. The second method, 



Fig. 2-14. Methods ior Ambient-Temperature Compensation along Capil¬ 
lary 

shown on the right in Fig 2-14, consists of using a second ther¬ 
mal system, either mercury-filled or gas-filled, wuth the capillary 
tubing of both the compensating system and the measuring sys¬ 
tem running adjacent to each other. Only the measuring system 
has a bulb, the compensating system ends with the capillary 
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tubing. Changes of ambient temperature along the capillary or 
at the receiving element are canceled by mechanically connecting 
the receiving elements in opposition. 

Ambient-temperature compensation may be required with the 
gas-expansion thermometer as well as with the liquid-expansion 
thennometer. The degree of ambient error depends on the tem¬ 
perature range of the instrument and the relative volume of the 
bulb, capillary, and receiving element. Its magnitude can be 
calculated by the same method used for the mercury thermome¬ 
ter. Ambient error is reduced by making the volume of the 
bulb as large as conveniently possible and reducing the volume 
of the capillary and receiving element to a minimum. For a 
small range of ambient temperatures the volume of the bulb is 
usually large enough to make ambient errors negligible. The 
temperature range of the gas-expansion thermometer is normally 
large, and this further reduces the ambi-^nt error. Generally, 
then, the nitrogen pressure thermometer does not require com¬ 
pensation. When these conditions are not met, compensation is 
employed. This may take the form of compensation at the re¬ 
ceiving element only, by the use of either a bimetal strip or a 
second gas-filled spiral or helix, as was employed for the 
mercury-expansion thermometer. Complete compensation is 
provided by using a second gas-filled element and capillary, ar¬ 
ranged as previously described for the mercury thermometer. 

The vapor-actuated pressure thermometer does not require 
ambient-temperature compensation, since the pressure in the 
thermal system is determined only by the temperature at the free 
surface of the liquid. Changes of temperature elsewhere in the 
system cause an expansion or contraction of volume, but this is 
automatically compensated by establishing a new vapor-pressure 
equilibrium at the liquid surface, thereby maintaining a constant 
pressure. The thermometer is arranged so that the free liquid 
surface is always at the bulb for any relative temperatures of 
bulb, capillary, and receiving element. 

The head effect in a pressure thermometer is caused by plac¬ 
ing the thermometer bulb at a considerably higher or lower po¬ 
sition (elevation) than the receiving element. The head of liquid 
between bulb and receiving element will cause a greater or lesser 
pre8sui:fi..at the receiving element. If the bulb is located 10 ft 
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above the receiving element, as indicated in Fig. 2-15 by dis¬ 
tance d, the equivalent pressure at the receiving element of a 
mercury thermometer is 10 ft of mercury or 59 psi. Since the 
mercury system is filled at, say, 1000 psi pressure, the error 
caused in the reading of the instrument is small. If necessary, 
the mercury thermometer can be calibrated with the bulb in 
position so as to correct for the head effect. When the bulb is 



Fig. 2-15. Vapor-Actuated Thermometer Installation and the Head Effect 

below instrument level, the head effect is reversed. The head 
effect in the gas-expansion thermometer is negligible, because, 
first, the pressure created by a column of gas is small, and, sec¬ 
ond, the nitrogen thermometer is normally filled with an initial 
pressure of several hundred pounds per square inch. 

The head effect in vapor-actuated thermometers is sometimes 
appreciable, since the pressure in the thermal system is low and 
the pressure effect of a head of liquid is of appreciable magni¬ 
tude. Suppose that the fluid in a vapor-actuated thermometer 
is water, the temperature range is 300 to fiOO'^F, and the bulb 
is installed 10 ft above the receiving element. Under these tem¬ 
perature conditions the capillary and receiving element are filled 
with water. The pressure equivalent of this head is 4.33 psi. 
By calculation from a steam table, this will cause an error of 
4*0.60®F at 400°F or an error of =bl.0°F at 450®F. The head 
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effect is Urfiially accounted for by calibrating the instrument 
with the Iniih at a lieight above the receiving elcn;ent that it 
will have wiien actuail}’^ installed. If the elevation of the bulb 
is changed, then the instrument requires recalibration. When 
the temperature range of the vapor-actuated thermometer is 
below ainbi<‘rit teuqieraturc, for exanqilc —50 to +50°F, the 
caj>illary and recei\dng ekanent are filled with vapor, and the 
head effect is negligible. If the bulb is installed below'^ instru¬ 
ment level, t!u^ head effect is reversed. 

The barometric effect in a [)resr5ure--s]>ring thermometer is the 
error in instrument reading due to changes in barometric pres¬ 
sure. This error occurs because the jiressure-spring dieflection is 
pro])ortioiial to the difference in internal and external pressures. 
N'ormally, a change in banujietrie pressure of i-l psi may occur. 
With the mercury-expansi('n thermometer filled at about 1000 
psi and operating solidly filhal, the effect of barometric-pressure 
cinmges is -yO.! per cent and is therefore negligible. In the gas- 
expansion ihe^'U'uaneter, the initial pressure is several hundred 
pounds per ^'quare iiicdg and (he operating jiressure even higher. 
The cff^Tt of harometrie-pres^’Ure changes can probably be safely 
ignored. The vapor-actuated tiiermometer, however, operates at 
pressures in the region of 100 to 200 psi, and sometimes lower. 
Barometric-pressure changes may cause a small error, wdticli 
should not be neglected. In spite of this, the error is not usually 
compensate* 1 in the vapor-actuated thermometer because of the 
disproportionate cost of this feature. 

The immersion effect results from conduction of heat along the 
bulb and thermal well, thereby reducing the temperature at the 
bulb and causing an error, sometimes called a conduction error. 
Heat is conducted along the bulb and extension neck and along 
the thermal well to the outside. A temperature drop exists with 
this flow of heat, and the temperature indicated by the ther¬ 
mometer is lower than the actual temperature. A thermometer 
bulb and well should be immersed far enough and the exposed 
head should be sufficiently insulated to keep all parts of the 
bulb and well at the same temperature. 

When the thermometer bulb is only partially immersed, either 
in the fluid whose temperature is being measured or in a thermal 
well, the temperature indicated by a mercury thermometer or 
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gas thermometer will be less than tlie actual temperature, roughly 
in proportion to the area of the bulb not exposed. Only a part 
of the filling medium is expanded by heat. In the vapor-actuated 
thermometer the correct temperature is measured if the whole 
free surface of liquid in the bulb is in good thermal contact with 
the fluid of whicli the temperature is being measured. Generally, 
the vapor-actuated thermometer bulb is nt)t sc) dependent on 
complete immersion for its accuracy as the mercury thermometer 
and gas thermometer. 

Radiation errors often exist in the measurement of gas and 
air temperatures because of the ability of the thermometer bulb 
to ^‘see’^ solid bodies whose temperatures are lower or liighcr 
than that of the gas. These errors may be as large as 40 to 50 
per cent. In a duct, for example, the thermometer reads low 
if the walls are at a lower temperature than the gas. Con¬ 
versely, if the duct walls are at a higher temperature than the 
gas, the thermometer may read high. A radiation shield con¬ 
structed around the thermometer bulb is effective in ])revGnting 
radiation error. The shield must be airanged so that the hot 
gases flow between the thermometer bulb and the slueld and 
between the shield .md the duct walls. The bulb gains lieat b}^ 
convection and conduction from the gas but loses lieat by radia¬ 
tion to the walls. When a shield is used, the heat lost by radia¬ 
tion is reduced, because the shield is more nearly at gas tem¬ 
perature. 

The precision or reproducibility of pressure thermometers is re¬ 
lated to the questions of ambient-temperature compensation and 
calibration drift. Ambient-temperature compensation can be 
made quite accurate, sufficient to maintain the guaranteed cali¬ 
bration accuracy over*a wide range of applications. Calibration 
drift depends on the construction of the thermometer and on 
the stability of the filling media. Some of the factors are: 

Leakage in the thermal system. 

Mechanical stresses in materials. 

Thermal stresses in materials. 

Fatigue and creep of metals. 

All industrial pressure thermoireters of good quality are aged 
and sometimes given thermal massage in order to detect leakage, 
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relieve residual stresses, and check for distortion and permanent 
set. The calibration of the thermometer is thereafter checked. 
After installation, the calibration may drift after a period of 
time, the length of which depends wholly on the details of in¬ 
stallation and the amount of maintenance. The calibration of 
any thermometer should be checked periodically. 

Ordinarily the filling media such as mercury, nitrogen, and 
the lowTr-temperature liquids for vapor thermometers are used 
in quite pure forms and are stable over long periods. At higher 
temperatures it is possible for contamination and decomposition 
to take place, and these are causes for calibration drift. 

The dead zone of industrial pressure thermometers depends on 
the starting friction and lost motion existing in the linkage and 
in pen or pointer bearings, and particularly on the friction be¬ 
tween pen and chart paper in recording thermometers. The dead 
zone created by this friction is extremely variable. The mercury 
thermometer develops a large force in the thermal system by vir¬ 
tue of its liquid expansion. Therefore, it has the smallest dead 
zone, generally in the neighborhood of 0.05 to 0.10 per cent of 
full scale. The gas thermometer and vapor thermometer oper¬ 
ate from the pressure developed in the thermal system, producing 
forces generally smaller in magnitude than those of the mercury 
thermometer. The dead zone in these types may be as large as 
0.25 per cent of scale for narrow temperature spans. 

Response of Thermometers 

The response of the pressure thermometer is determined al¬ 
most altogether by the heat-transfer characteristics of-dhe ther¬ 
mometer bulb and well and by the characteristics of the fluid 
in which the element is installed. The characteristics of filling 
media, bulb, and thermal w^ell that influence response are: 

Thermal capacitance. 

Thermal conductivity. 

Surface area per unit mass. 

The characteristics of the fluid surrounding the bulb also affect 
the response: 

Film coefficients of heat transfer. 

Mass velocity. 
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Thermal capacitance. 

Thermal conductivity. 

A thermometer bulb should have a large area, a small mass, 
a small specific heat, and a high thermal conductivity. The 
thermal characteristics of several thermometer materials and fill¬ 
ing media are given in Table A--6 (appendix). 

As shown by the table, there is little to choose among the 
v^xious metals for thermometer bulbs. The response of the ther- 


Fig. 2-16. 



Time, minutes 


Average Response of Mercury, Gas, and Vapor Thermometers 


rnorneter therefore depends almost wholly on the size of the bulb, 
its area, and its method of installation. 

For a bare thermometer bulb in a well-agitated liquid, the 
response to a sudden temperature change is shown in Fig. 2-16. 
The time constant is about 0.1 min, which is normal for a pres¬ 
sure thermometer, either gas-expansion, or vapor-actuated. No¬ 
tice that the response is essentially first order. The response in 
a flowing liquid is proportional to the thermal diffusivity, because 
the heat-transfer film resistance is small, whereas the resistance 
of the bulb material is a large portion of the total. The response 
is therefore faster when the thermal diffusivity is greater. 

The dip effect is shown in Fig. 2-17. This effect is caused by 
the sudden expansion of the metal thermometer bulb, which 
takes place before expansion of the fluid because heat arrives 
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first at the thermometer bulb. Temporarily this causes a net 
contraction of fluid volume, causing the instrument to indicate a 
reversed direction of temperature change. The extent of the dip 
effect is most noticeable in mercury thermometers because of the 
relatively large quantity of heat that must be transferred through 
the bulb to the mercury. The lag caust^d by the dip e^ect may 
be of 0.01 min magnitude. The dip effect is present in gas- 

expansion and vapor-actuated 
SOi \ I thermometers, but its extent is 

negligible. 

60 For a bare thermometer bulb 

_ in moving air, the time constant- 
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Fig, 2-17. Dip Kffe;a m Mercury 

Thermometer ^ response is there¬ 

fore faster when the thermal 


capacity is small. At higher temperatures, 400°F or higher, the 
time constant is reduced, because thermal radiation begins to add 
appreciably to the heat transfer. Radiation depends on the 
fourth power of absolute temperature and therefore has much 
less effect at lower temperatures. The comparison of thermal 
lags in moving air and in moving liquids is illustrated in Figs. 
2-18 and 2-19, which shov/ that the lag in moving air is not only 
larger but also more dependent on tlie speed of the fluid past the 
bulb. If the speed of the fluid is slow, a blanket of stagnant 
fluid develops around the bulb, effectively insulating the bulb 
from contact with the fluid. 


The cross-ambient effect causes an additional lag in response 
and tjxists only in the vapor-actuated pressure thermometer. 
Suppose, first of all, that the capillary and receiving element are 
at 70°F. As shown in Fig. 2-20, the bulb may be at a higher 
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Fjg. 2-18. Variation of Thermometer Lag with Air Speed 
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Fig. 2-19. Variatiou of Thermometer Lag in Moving Water 




Fro. Location of Vapor Space in Vapor-Actuated Thermometer 
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temperature such as 100°F, or at a lower temperature such as 
50T. When the bulb is at a higher-tlyan-ambient temperature, 
the receiving element and capillary are/solid-filled and the vapor 
space is in the bulb. Liquid, of cours^, condenses in the cooler 
part of the system and vaporizes in the/ hotter part of the system. 
When the bulb is at a lower temperatu/re than ambient, the vapor 
space is in the receiving element anct capillary. Now suppose 
that the temperature range of the instrument is across the am- 



Time, minutes 

Fig. 2~21. Cross-Ambient Effect in Vapor Tht^rrnometers (from Brown 
Instrument Co. Tech. Bull., ‘‘Response Speeds of Pressure Thermometers^’) 

bient temperature, say 0 to 100°F. Then, when the temperature 
at the bulb crosses from below to above the ambient temperature, 
liquid must migrate from the bulb and fill the capillary and 
receiving element. When the bulb temperature drops below the 
ambient temperature, the vapor condenses into liquid at the 
bulb. This change of position of vapor space and liquid space 
takes place automatically and naturally requires time to occur. 
Thereby, a considerable lag in response is caused, as shown in 
Fig. 2-21. 

The vapor-actuated pressure thermometer should therefore 
Dot be used in cross-ambient ranges if a high speed of response 
is desired. Sometimes to avoid the cross-ambient effect, a vapor- 
actuated thermometer may li^ve a dual fill: that is, the receiving 
element and capillary may be filled solidly with a nonvaporiz¬ 
ing liquid, which acts as a hydraulic transmission mean^ for the 
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pressure developed in the bulb by the actual thermometric fill¬ 
ing medium. The vapor-liquid thermal fluid is thereby con¬ 
fined to the bulb, and the cross-ambient effect is avoided. 

The pressure-thermometer bulb is often used with a thermal 
well. The effect of the thennal well is nearly always to increase 
considerably the response lag of the thermometer. Response 
with and without a thermal well is compared in Fig. 2-22. No¬ 
tice that two effects result: first, the response is much slower in- 



0 0.. 1.0 1.5 2.0 2.5 

Time, minutes 


Fig. 2-22. Effect of Thermal Well on Thermometer Response 


dei^d; and, second, the response characteristic is apparently sec- 
on i order. This second effect is sometimes more serious than 
the first, since it results in a considerable lag of measured tem¬ 
perature behind the actual temperature. The second-order effect 
is caused by the mass of the well, which is separated thermally 
from the mass of the bulb by a relatively high thermal resistance. 

Heat is transferred between the bulb and well by conduction, 
convection, and radiation. The direct conduction of heat be¬ 
tween bulb and well is governed almost entirely by the area of 
contact. Since the clearance space between the bulb and well 
contains air, the amount of actual metal-to-metal contact be¬ 
tween bulb and well is small. This contact is often increased by 
filling the space between bulb and well with a metal powder, 
graphite, oil, mercury, or thin sheet-metal inserts. The effect of 
these measures is to increase the speed of response about 10 per 
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cent, or sometimes more. More important, however, they red ace 
the thermal resistance between bulb and well so that much cx the 
second-order effect is avoided. Reduction of thermal resistance 
between bulb and well is naturally more effective when the tem 
peratures of flowing liquids are being measured, since the film 
resistances are small. 

Convection transfer of heat between bulb and well is small 
because the air film between bulb and well is normally very thin 
and no large mass of air can come into play. When the space is 
filled with a solid as mentioned previously, no heat convection is 
allowed. 

Radiation transfer of heat is probably an appreciable factor, 
even at low temperatures, if the space between bulb and well is 
not filled At temperatures approaching lOOO^F, most of the 
heat is transferred to the bulb by radiation, very little by con¬ 
duction and convection. Where thermal-radiation transfer of 
heat occurs, the surface conditions of the bulb and well are im¬ 
portant. A rough and well-oxidized surface is a much better re¬ 
ceiver of radiation than a smooth and polished surface. (See 
Table A-16, appendix.) 

Pneumatic-Balcmce Pressure Thermometer 

The pressure thermometer may be arranged for pneumatic op¬ 
eration as indicated in Fig. 2-23 in schematic fashion. The 
pneumatic system shown is somewhat simpler than those in 
actual use. The gas-filled bulb is connected by a short length 
of tubing to the inside of a bellows. The balance pressure on 
the outside of the bellows is determined by the position of the 
bellow’s acting against the control nozzle. Air is supplied to the 
system through a restriction. Suppose that the temperature at 
the thermometer bulb increases and the gas expands. The in¬ 
creased pressure of the gas in the bellows pushes the bellows 
to the right, thereby opening the control nozzle. This allows a 
greater flow of air into the chamber. The balance pressure is 
now higher, acts against the bellows, and balances the effect of 
the higher bulb pressure. The transmitted pressure is higher, and 
the pressure receiver (an ordinary pressure gage) indicates a 
change in temperature. The pressure receiver can therefore be 
calibrated in terms of temperature. This system can be used with 
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either the gas thermal system or a vapor-actuated thermal sys¬ 
tem, but not with a liquid-filled thermal system. 

The advantages of this system are readily apparent. First, 
the costly capillary and armor are replaced by the ordinary cop¬ 
per tubing connecting the transmitter to the receiver. The capil- 
laiy between the bulb and the transmitter is usually short. 
Ambient-temperature effects do not require compensation if the 
volume of gas on the bellows and tubing is small with respect 
to bulb volume. The response speed of the thermometer may be 
improved or at least be no less than in the ordinary pressure- 

pressure 
receiver 


Fig. 2-23. Pneumatic-Balance Pressure Thermometer 

spring thermometer, in spite of any lag in the pneumatic system, 
because expanded gas in the bulb is not required to pass through 
a long capillary. Also, in industrial forms, an amplifying pilot 
or relay is used at the transmitter, thereby reducing the pneu¬ 
matic lag and serving to increase the sensitivity of the control 
nozzle so that bellows motion is reduced to a minimum. A fur¬ 
ther advantage is that the dead zone of the thermometer is de¬ 
creased since the pressure receiver is usually made a bellows- 
type gage, providing large force for operating the indicating 
mechanism. 

The main disadvantages of this system are the maintenance or 
service required by the pneumatic system and the fact that, 
w^ith lower pressures in the gas thermal system, the barometric 
effect may not be negligible. 

Compcnrison oi Pressure-Spring Thermometers 

Each type of industrial pressure or transmitting thermometer 
has its useful application. Table 2-2 attempts to summarize 
their characteristics. 
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Table 2-2. Chabacteristics op Pressure-Spring Thermometers 



Mercury 

Gas 

Vapor 

Scale shape (as used; 

Linear 

Linear 

Nonlinear 

Temperature limits, °F 

-35 to 1000 

-200 to 800 

-60 to 600 

Smallest span, ®F approx. 

100 

160 

80 

Largest span, ®F approx. 

1000 

800 

350 

Ambient effect 

Yes 

Yes 

No 

Cross-ambient effect 

No 

No 

Yes 

Head effect 

No 

No 

Yes 

Barometric effect 

No 

Little 

Yes 

Dip effect 

Yes 

No 

No 

Immersion effect 

Yes 

Yes 

Less 

Response speed 

Same 


Greater 

Sensitivity 

Greater 

Same 



The vapor-actuated pressure thermometer is probably the most 
widely used, because it is somewhat less costly and simpler to 
maintain than the mercury thermometer or gas thermometer. 
The vapor-actuated thermometer requires no compensation end 
has a good speed of response. Its disadvantages are slight. The 
gas-expansion thermometer has the advantage of good inherent 
accuracy, and, in addition, it can reach quite low temperatures. 
The mercury thermometer has the advantage of greater sensitiv¬ 
ity because of the large force developed by the thermal system. 

Problems 

2-1. Compute the temperature at which Fahrenheit and centigrade 
scales coincide. 

2-2. Develop an algebraic equation relating the Fahrenheit and Kelvin 
scales. 

2-3. The lowest and highest recorded weather temperatures in the world 
are —90 and 135*F. Convert these temperatures to centigrade and 
Reaumur. 

2-4. A mercury thermometer is made from an Invar tube, 0.050 in. in¬ 
side diarnet.er. It is evacuated and filled with mercury to. a height of 
5.0 in. at 68®F. Using the simple law of liquid expansion, find the height 
of the column when the thermometer is completely immersed in a liquid 
of temperature 600*F. 

2-5. A nitrogen thermometer bulb is made of copper with a 0.75 in. in¬ 
side diameter. The volumetric coeflScient of expansion of copper is about 
28X10“"® per degree Fahrenheit. The temperature range of the instru¬ 
ment is 100 to 600**F. and thcr >»ressure range of the S3retem must be 600 
psi. Neglecting the volpTiie of capillary and spiral, determine: 
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(a) The initial pressure in the bulb at 100*F, 

(b) The required inside length of the bulb. 

(c) The initial pressure in the bulb if thermal expansion of the bulb is 
considered and if the length of the bulb computed in part b is used. 

2-6. Using a steam table, plot a curve of vapor-pressure versus tempera¬ 
ture for a vapor-actuated thermometer filled with water and having a range 
of 220 to 320*F. 

2-7. A mercury thermometer has a bulb, capillary, and spiral volumes of 
0.70 cu in., 0.20 cu in., 0.10 cu in., respectively. The range of the instru¬ 
ment is (a) 0 to SOO^F; (6) 150 to 250*F. The ambient temperature 
change at the capillary is rt30*F. iVbat is the ambient error in per cent 
of span? 

2-8. A gas thermometer has a bulb and capillary volumes of 2.50 cu in. 
and 0.10 cu in., respectively, and a range of 200 to 600“F. If the accuracy 
desired is dbO.5 per cent of scale span, is ambient-temperature compensa¬ 
tion necessary for ambient-temperature changes at the capillary of (a) 
60 to 80*F? (b) 70 to 120*F? 

2-9. Why is the temperature at the free surface of the liquid of a vapor- 
actuated thermometer the only temperature measured? 

2-10. The vapor thermometer of problem 2-6 is installed with the bulb 
in a tower 30 ft above the spiral. What is the error caused in the reading 
of the instrument when the true temperature is 300*F? 

2-11. A liquid-expansion thermometer using mercury has a bulb volume 
of 1.0 cu in. and a temperature range of 0 to 200*F. The bulb is of steel. 
If the temperature is steady at 150“ F and suddenly drops to 100®F, what 
is the magnitude of the dip effect? Assume that the mercury in the bulb 
remains momentarily at 100®F. (Cubical-expansion coefficient is 3 times a 
linear-expansion coefficient.) 

2-12. A gas thermometer employing nitrogen has a calibration 0 to 
300*F. At the maximum temperature the pressure is to be (a) 600 psia, 
(6) 2000 psia. The barometric pressure changes by 3 in. Hg. What error 
is caused if the thermometer reads 250®F? 

2-13. Two thermometers that are identical except that one has a brass 
bulb and the other a stainleas-steel bulb (no well) are used to measure a 
temperature of 250® F. If the temperature is measured in a fast-moving 
fluid, which will be the faster in response? Give reasons. If the tempera¬ 
ture is measured in fast-moving air (neglect radiation), which will be the 
faster in response? Give reasons. 

2-14. A thermometer bulb is installed in a duct, and hot gases at tem¬ 
perature T flow through the duct at a velocity F. The walls of the duct 
are at a lower temperature 

(а) If the thermometer bulb is imshielded, write a relation between gas 
temperature, duct-wall temperature, and indicated temperature T^, 

(б) If the thermometer bulb is surrounded with a cylindrical shield, 
write the relations between gas temperature, duct-wall temperature, and 
indicated temperature. 
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(c) If the thermometer bulb is oxidized stainless steel, % in. outside 
diameter by 4 in. long, the shield of oxidized stainless steel, the gas veloc¬ 
ity 10 fps, the gas temperature 600®F, and the duct-wall temperature 300®F, 
estimate the indicated temperature both with and without the radiation 
shield. 

2“16. If the barometric pressure drops 2.0 in. Hg below normal, what is 
the error caused in a vapor thermometer filled with water and reading 
260*F? 
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• Thermoelectric Temperature 
Measurement 


/ 

^ The thermocouple pyrometer has the widest useful range and 
application of any temperature-measuring device. Although the 
thermocouple w’as primarily employed for high-temperature 
measurements, hence the name pyrometer, its usefulness has been 
greatly extended in recent years by the introduction of simple, 
reliable, and responsive instruments for measurement of thermo¬ 
couple voltage. The thermocouple instrument is now used 
equally for all temp eratures, both low and high. 

Temperatures encountered in industrial processing are seldom 
higher than 3C00®F, and temperatures ranging from 2000 to 
3000'^F are commonly met in the steel, glass, and ceramic indus¬ 
tries. A vast majority of these measurements are made in fur¬ 
naces where air or gas temperatures or furnace-wall or roof tem¬ 
peratures must be determined. Some measurement of tempera¬ 
ture of liquids is made, however, in molten metal, molten salts, 
and liquid glass. Confining our attention for the moment to 
temperatures between 1000 and 3000®F, it must be remembered 
that radiation transfer of heat plays a primary role in tempera¬ 
ture measurements made in this range. Radiation not only in¬ 
fluences the speed with which a thermocouple responds, but it 
also determines what temperature is measured and where it is 
measured. The thermocouple is used for low^ temperatures as 
well; temperatures of both liquids and gases as low as - 300T 
are measured. 

The thermocouple provides an accurate and reliable indication 
of temperature for many kinds of industrial applications. Ther- 
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mocouples can be interchanged since they are supplied to a 
standard calibration. This is one important reason for their 
wide adoption for industrial temperature measurement. The re¬ 
liability of the thermocouple is demonstrated by the fact that the 
platinum versus platinum-rhodium thermocouple is used to de¬ 
fine the international temperature scale between 1220°F (660°C) 
and 1945‘^F (1063°C). 

Thennoelectricity 

A thermocouple is composed of two dissimilar wires joined to¬ 
gether so as to produce a thermal emf. A simple thermoelectric 

_ A _ 

K B 

Fig. S-1. Simple Thermocouple Circuit 

circuit composed of two wires of different metals, A and B, is 
shown in Fig. 3-1, Assume that the left-hand junction of the 
wires is the point of measurement. Then the left-hand junction 
is called the measuring junction. The right-hand junction is 
called the reference junction, and it is frequently maintained 
at either 32‘^F (O^C) or 68°F (20°C). 

In 1821 Seebeck discovered that a current flows in a thermo¬ 
electric circuit when the temperatures at the junctions are differ¬ 
ent. There is therefore a thermal emf generated in the circuit 
which causes the current flow. By the principle of conservation 
of energy, it is apparent that this energy under static conditions 
must come from the absorption of heat from external sources. 

The Peltier effect relates the absorption and evolution of heat 
at the junctions of a thermocouple to the current flow in the 
circuit. Under conditions of use, heat is evolved at the reference 
junction and absorbed at the measuring junction in proportion 
to the flow of current but independent of the method by which 
the junction is made. The junction may be welded or soldered 
or merely an intimate contact. The Peltier effect is proportional 
to current alone and is different from the Joule heating effect, 
which is proportional Ao ihe asiuare of the current times the re- 
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sistance PR, The Joule heating effect is not relevant to the 
operation of the thermocouple. Therefore, the junction of the 
thermocouple produces an emf called the Peltier emf, the magni¬ 
tude and direction of which depend on the temperature. The 
Peltier emf differs for different combinations of metals. 

The Thomson effect, predicted by Thomson (Lord Kelvin), is 
a relation between the emf genarated in a single homogeneous 
wire and the temperature difference between the ends of the 
wire. The Thomson emf is proportional to the temperature and 
the temperature difference in the wire and differs for different 
metals. 

Finally, a thermocouple employs both the Peltier effect and 
the Thomson effect. The Peltier effect cannot be used alone, 
since, if two dissimilar metals are joined and a higher tempera¬ 
ture exists at the measuring junction, then there must necessarily 
be a temperature gradient along each wire. This involves the 
Thomson effect. The separate existence of the Thomson effect 
has never been demonstrated with homogeneous conductors. 

There are, then, four emPs that appear in the thermocouple 
of Fig. 3~1: the Peltier emf at the measuring junction, the Peltier 
emf at the reference j^mction, the Thomson emf along wire A 
because of the temperature difference, and the Thomson emf 
along wire B because of the temperature difference. 


The Thomson emf along each wire is 
Thomson emf 



( 3 - 1 ) 


where a *** rate at which heat is absorbed or evolved per unit temperature 
difference per ampere current, T is the temperature in degrees Kelvin. The 
Peltier emf at each juncthin will be called tt in volts. 

The total emf of the thermocouple is 

JE « [ir]5P^ — [ k]t — r dT -f f CAdT (3-2) 


Simplif3ring this equation gives ^ 

E » — Wr + f (<r4 — ctb) dT 

*"7* 


( 3 - 3 ) 


The Peltier and Thomson effects are assumed reversible. According to the 
second law of thermodynamics for reversible processes, the total entropy change 
of the system is sero. This leads to the conclusion that the fraction of heat 
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absorbed and converted into electric energy in the thermocouple is equal to 
the ratio of temperature difference to temperature.* Thus, 


^ T 


(3-4) 


where the thermocouple has junction temperatures of T and T 4* dT. Sub¬ 
stituting from equation 3-3 gives 


and simplifying, 

and integrating, 


dr (oA — (tb) dT 
ir 

d / x\ <TA — (TB 

dT \t) ^ T 


dr 

T 

- 0 


IT « (<r^ — <rB){Te — T) 


(3-5) 

(3-6) 

(3-7) 


where To is a constant of integration. 

Experimental evidence indicates that <r is itself nearly proportional to 
temperature, and so it is assumed that 

~ =“ ^r (3-8) 

wliere A; is a proportionality constant. 

We can now evaluate the thermocouple emf by combining equations 3-3, 
3-7, and 3-8: 

E - [kT(Tc - T)]t - IkTiTo - r)]r 4- f 'kTdT (3-9) 

Jr 

Performing the indicated operations gives 

E = kTc{T - Tr) - - Tr^ (3-10) 

where the constant of integration is zero since, when the junctions are at 
the same temperature, the thermocouple emf is zero. The temperature 
emf relation is therefore quadratic, and most materials follow this equa¬ 
tion reasonably well. Values of the constants are given in Table A-8 
(appendix), where the themocouple is composed of each material versus 
lead. The values of the constants in equation 3-10 (Table A-8) vary con¬ 
siderably, depending on the exact composition of the metal and its sur¬ 
face characteristics. Deviations from the quadratic law may be attributed 
to the manner in which the Thomson emf varies with temperature; the 
assumption made in equation 3-8 is not always valid. Temperature-emf 
data are given in Tables A-10 to A-14 (appendix) for standard industrial 
thermocouples. These data are standardized by the National Bureau of 
Standards. Data for other metals are given in Table A-9 (appendix). 


* This equation and equations 3-5 and 3-6 can also be developed by carrying 
a unit charge of electricity q around the circuit and writing SQ/T ■« 0, where 
the beat Q « gE. 
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There are three laws for thermoelectric circuits composed of 
homogeneous conductors.^ 

Law of Homogeneous Circuit. An electric current cannot be 
sustained in a circuit of a single homogeneous metal, however 
varying in section, by the application of heat alone. 

This law" has not been derived but is generally accepted as an 
experimental fact. From it we deduce that the thermal emf 
developed in the thermocouple, when the measuring junction T 
is at a different temperature from the reference junction Tr, 
is independent of the temperature gradient and its distribution 
along the wdres. Referring to Fig. 3-1, the only temperatures 
related to the thermal emf are the measuring-junction tempera¬ 
ture T and the reference-junction temperature Tr, and all other 
intermediate temperatures are of no consequence. 

Law of Intermediate Metals. The algebraic sum of the ther¬ 
mal emfs in a circuit composed of any number of dissimilar 
metals is zero, if all the circuit is at a uniform temperature. 

This law" follows directly from the second law of thermody¬ 
namics. If a net emf did exist, the resulting flow of electric 
current would cause heating in some part of the circuit, thereby 
transferring heat from a low^er to a higher temperature without 
application of external wmrk. 

By combination with the law of homogeneous circuits, this 
law" makes it possible to insert a measuring device and its con¬ 
necting wires C into the thermocouple circuit at any point, as 
shown in Fig, 3-2, without altering the thermal emf, provided 
that all intermediate junctions are at the same temperature Ti. 

Law of Intermediate Temperatures. The thermal emf devel¬ 
oped by any thermocouple of homogeneous metals with its junc¬ 
tion at any two temperatures Ti and T 3 , respectively, is the 
algebraic sum 0 } the emf of the thermocouple with its junctions 
at temperatures Ty and T 2 , respectively, and the emf of the same 
thermocouple with its junctions at temperatures T 2 and Tz, 
respectively. 

This law deals with the calibration of a thermocouple. If the 
thermal emf^s of several metals versus a reference metal such as 
platinum or lead are known, the thermal emf of any combination 

2 W. F. Roeser, “Thermoelectric Thermometry/* J, Applied Phys., 11, 
388 (1940). 
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of these metals may be obtained by algebraic difference. ;See 
Tables A~8 and A-9, appendix.) Further, the calibration of the 
thermocouple can be made by reference only to the difference in 
temperature of the junctions {T — Tr), as denoted in Fig. 3-2. 
Thereby the reference-junction temperature may be made any 
convenient value and the measuring-junction temperature found 
by simple differences. Were it not for this law, the use of a 
thermocouple in temperature measurement would be made very 
difficult. 



When all three laws are combined, it is evident that the alge¬ 
braic sum of the thermal emf^s generated in a thermocouple cir¬ 
cuit containing any number of dissimilar homogeneous con¬ 
ductors is a function only of the temperatures of the junctions. 
It is important that none of the fundamental laws depends on 
any assumption regarding the exact mechanism of converting 
heat to electric energy or on any assumption regarding the loca¬ 
tion of the emf. The only necessary assumption (set forth by 
W. Thomson, later Lord Kelvin) is that the thermocouple may 
be regarded as a reversible heat engine. 

Industrial Tliennocouples 

The desirable properties of thermocouples for industrial use 
are: 

Relative large thermal emf. 

Precision of calibration. 

Resistance to corrosion and oxidation. 

Linear relation of emf to temperature. 

Thermocouples should have a relatively large thermal emf for 
a given temperature range in order to use a simple and rugged 
measuring instrument for indication of temperature. The emf 
of most thermocouples is in the neighborhood of 10 to 50 milli- 
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volts for the desired temperature ranges. The measurement of 
such small emf's requires an instrument of high quality and one 
capable of accurately measuring emf's as small as 10 microvolts. 
Yet the instrument must be suflSciently rugged and simple that 
it will stand the abuse of long, continuous, industrial service. ^ 

A thermocouple must be capable of calibration to a standard 
emf temperature relationship and should maintain that calibra¬ 
tion without drift over a long period of time. Thermocouples 
are made to operate with standard instruments having cali¬ 
brated charts and scales. The interchangeability of thermo¬ 
couples and instruments is a principal reason for their wide use 
and application. 

Resistance to corrosion, oxidation, and contamination should 
be high in order that the thermocouple will have a long life. Fre¬ 
quent replacement greatly increases the cost of performing tem¬ 
perature measurements. 

It is desirable to have a linear relation between thermal emf 
and temperature, not only because the scale is more easily read, 
but also because the problems of reference-junction compensa¬ 
tion are greatly reduced. 

The five most comm .ily used thermocouples are: 

Copper-Constantan. 

Iron-Constantan. 

Chromel-Alumel. 

Platinum-platinum, 13% rhodium. 

Platinum-platinum, 10% rhodium. 

The useful industrial temperature range of common thermo¬ 
couples is shown in Fig. 3-3. Iron-Constantan thermocouples 
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Fig. 3-3. Useful Range of Industrial Thermocouples 
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may be used at temperatures several hundred degrees higher 
than the upper limit shown in Fig. 3-3 if there is no oxygen 
present to attack the iron wires. Chromel-Alume) thermocou¬ 
ples may be employed at higher temperatures than indicated in 
Fig. 3-3 if excess oxygen is present. 

Items that should be noted are that copper-Constantan ther¬ 
mocouples are restricted to low temperaturCv® and platinum 
thermocouples are used for high temperatures, 'i he copper-Con- 
stantan and iron-Constantan thermocouples are used in the 
same range as the industrial pressure thermometer. 

Other characteristics of thermocouples are shown in Table 
3-1. The span in degrees Fahrenheit is representative of the 


Table 3-1. Characjeristics of Thermocouples 


Thermocouple, 

Composition 

Span, ®F 

Average 

Accu¬ 

racy, 

Positive 

Positive 

Negative 

for 10 

per 

Metal First 

Metal 

Metal 

millivolts 

cent 

Oopf>er-Coiistantan 

100 Cu 

55 Cu, 44 Nil 

450 at 100 


I n) n-Cons tant an 

100 Fe 

55 Cu, 44 NO 

320 at 000 

:±:1 

Ohrornel-Almnol 

00 Ni, 10 Cr 

94.5 NP 

435 at 1400 

±?'4 

Pt 10% Kh-i)laliimTn 

90 Pt, 10 Hh 

100 Pt 

1500 at 2100 

±V2 

Pt 13% Uh-platiiium 

87 Pt, 13 Kh 

100 Pt 

1352 at 2100 

=t:p2 

^ With apf)rc)X. 1 Mn and Fe. 

* With approx. 2.5 Mn, 2 Al, 1 Si. 





power of the thermocouple, since the smaller the temperature 
span for a given change of emf the greater is the change in emf 
per degree of temperature. 10-millivolt span was selected for 
reference since this represents about the smallest span normally 
used in indicating or recording instinments, although there are 
a great many exceptions. The platinum thermocouples have a 
very low emf compared to otiier tliormocouples. 

Best accuracy is obtained with the platinum thermocouples 
which are generally guaranteed by the manufacturer to be within 
% per cent of the standard emf temperature calibration. 
Iron-Constantan is generally held to within 1 per cent of the 
standard calibration. All thermocouples can .be obtained in sev¬ 
eral degrees of accuracy; the standard thermocouple accuracy is 
shown in the table. Special thermocouples selected for higher 
accuracy may be obtained at premium cost with the platinum 
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couples accurate to within ±% per cent, the iron-Constantan 
couple accurate to cent, and the Chrorael-Alumel cou¬ 

ples accurate to rfc:% per cent. In addition, thermocouples can 
be obtained with an error curve giving its deviation from stand¬ 
ard calibration. Also a thermocouple can be obtained wdth a 
National Bureau of Standards certification when the best ac¬ 
curacy is desired. 

The resistance to corrosion, oxidation, and contamination gen¬ 
erally depends on one of the metals of the thermocouple. For 
example, the Chromel of a Chromel-Alumel thermocouple is sus¬ 
ceptible to attack in reducing atmospheres (where oxygen is 
lacking and hydrogen and carbon monoxide are present). The 
iron of iron-Constantan thermocouples is susce])tible to corro¬ 
sion where oxygen or water va})or is present. Platinum thermo¬ 
couples are sensitive to contamination at high temperatures by 
hydrogen, arsenic, phosphorus, silicon, and some metal vapors. 
Platinum thermocouples are nearly always used with a gas- 
tight thermal well in which an oxidizing atmosphere should be 
maintained at all times. 

Other special tliermocouples have been used at various times 
mainly for the inirp'^se of resisting corrosion and oxidation in 
particular a})piications. These are, Chromel-KA2S, in which 
KA2S is a metal similar to a stainless steel, iron-Alumel, 
nickel-nickel molybdenum, Chromei-Constantaii, and graph¬ 
ite-silicon carbide. 

As we found earlier, the thermal emf-temperature relation of 
most tluMTnocouples is parabolic. The second-order term is small 
for all common thermocouples but not negligible. The scale 
shape of a pyrometer will therefore be nearly linear. Thermo¬ 
couple emf-temperature data are given in Tables A-10 to A-14 
(appendix) for standard thermocouples. 

Thermocouples are most commonly made in the form of wires, 
insulated and welded together at the measuring junction, as in¬ 
dicated in Fig. 3-4. The measuring junction is formed in two 
different ways: twisted weld and butt weld. The twisted weld 
is made by twisting the two wires for several turns and weld¬ 
ing. The shape of the junction after wadding remains more or 
less unchanged. The twisted weld is made with wires of larger 
sizes and gives mechanical strength. The butt weld is made by 
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Fig. 3-4. Industrial Thermocouple 


fusing the two wires into a round bead. This method is used for 
small-size wires. 

Wire sizes for all but platinum thermocouples are usually one 
of the following: 

B&S Gage Diam., in. 

8 0.1285 

14 0.06408 

20 0.03196 

and, infrequently, 2, 6, 11, 24, 28, 30, and 32 B&S gage are 
used. Platinum thermocouples are generally 24 Bc^S gage, 
0.0201 in. diameter. 

In order to prevent the forming of a seciind junction, the wires 
of a thermocouple are insulated from each other by being 



Fig. 3-5. Tube-Type Tlicrmocouple 

threaded through porcelain insulators. These insulators will re¬ 
tain their shape up to 2800°F. The ends of the thermocouple 
wires are connected to a porcelain block having screw terminals 
for connections. 

Tube thermocouples are made of iron-Constantan with the 
iron in the form of a tube, the Constantan wire running dowm 
the center of the tube, as shown in Fig, 3-5. The purpose of 
this construction is to improve the speed of response by avoiding 
the use of a thermal w'ell. The iron tube is generally % off¬ 
side diameter, and the junction is made by swaging and wielding 
the iron tube around the Constantan wire. The Constantan wire 
is insulated from the iron tube with either asbestos or a ceramic. 
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Thermocouple Lead Wires 

The thermocouple measuring junction is usually located some 
distance from the instrument with which it is used, sometimes 
several hundred feet. Since the thermocouple is connected to the 
instrument by wires, we have two problems: (1) tlie location of 
the reference junction, and (2) the errors introduced by the 
connecting wires. 

Variations in temperature of the reference junction cause a 
change in thermal einf, since the thermal emf depends on the 
temperature difference of the measuring and reference junctions. 
If a temperature is to be measured within one degree, the refer- 



Fig. 3-6. Temperatures in a Thermocouple Circuit 

ence-junction temperature should be constant within one degree 
(unless reference-junction compensation is employed). The ref¬ 
erence junction may be located, for example, adjacent to the 
thermocouple or may be placed near or in the measuring instru¬ 
ment. Ordinarily temperature variations of some magnitude are 
expected adjacent to the thermocouple because the thermocouple 
may be installed in a furnace, heat exchanger, or vat. Tempera¬ 
ture variations at the measuring instrument are normally more 
constant, especially when the instrument is installed in a tem¬ 
perature-controlled or air-conditioned room. Therefore, the ref¬ 
erence junction is located near and generally inside the measur¬ 
ing instrument. 

Further, the introduction of connecting wires into the thermo¬ 
couple circuit has no effect so long as the ends of the wire are 
at the same temperature. However, the temperature adjacent to 
the thermocouple may be several hundred degrees while the tem¬ 
perature at the instrument is near ambient temperature. The 
temperature difference {Th — Ta), shown in Fig. S'-b, may be 
several hundred degrees. Therefore it is necessary to use con¬ 
necting wires or lead wires that will avoid error. 



76 Thermoelectric Temperature Measurement 

There are two methods of selecting lead wires: (1) the thermo¬ 
couple wires themselves may be extended to the instrument, and 
(2) the lead wires may be made of thermocouple metals having 
the same tliermocicctric properties as the thermocouple with 
which they are used. 

The first method involves theoretically no error and, as indi¬ 
cated in Table 3-2, is used for copper-Constantan and iron-Con- 
stantan thermocouples, and sometimes for Chromel-Alumel ther¬ 
mocouples. 


Ty\BLE 3-2. Thermocouples .\nd Lead Wires 
Therniocouplo Wire 


-f 

- 

4- 

— 

Coppf‘r 

Constantan 

Coi)i)er 

Constantan 

Iron 

Constantan 

.1 ron 

('Constantan 

C'hromel 

Alumel 

Chromel 

Alumel 

Chroiuel 

Alumel 

Iron 

Copper-nic^kel alloy 

Chromel 

Alumel 

Coijper 

Constantan (to 125® 
only) 

Platinum-rhodium 

Platinum 

Copper 

Copper-nickel alloy 


The cost of long lengths of Chromel and Alumel wire is high, 
and the cost of platinum v/ire in even moderate lengths is i)ro- 
hibitive. With Chromel-Alumel and [>latinum thermocouples 
less expensive lead wire is used, as indicated in Table 3-2. Iron 
and a copper-niekel-alloy lead wires, which have a tempera- 
ture-cmf characteristic very close to that of Chromel-Alumel, 
are widely used. Copper and Constant an lead wire may be used 
for Chromel-Alumel thermocouples only where high accuracy is 
not required, since the temperatiire-emf characteristics of these 
pairs do not quite match beyond 125"^F. For platinum thermo¬ 
couples, lead wires are made of copper and a copper-nickel alloy, 
the temporature-emf characteristic of which is the same as for 
the platinum thermocouple. 

The error involved in using lead wire of different material 
depends on how well the temperature-emf characteristic of the 
lead wire matches that of the thermocouple. Suppose that, with 
a Chromel-Alumel thermocouple used in the range 1000 to 
2000®F, the thermocouple head temperature is 250°F and the 
temperature at the reference junction is 32‘^F. If the lead wares 
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are copper and Constantan, the error caused is tJie difference 
beU^een the emf of the different materials at 250 and 32°F. This 
is 5.28 — 4.97 or 0.31 millivolt. At 1400^F this represents an 
<!rror of or 0.95 per cent, which is not an allowable error 

for most industrial applications. For greater accuracy it be¬ 
comes necessary to use the iron- and copper-nickel-alloy lead 
Avires. 

Naturally it is important that the polarity of lead wires and 
thermocouples l)e observed during installation; otherwise, a large 
error may result. 

Lead wires may be solid, or may be stranded for flexibility. 
Various kinds of insulation may be obtained, such as enamel, 
cotton covering, asbestos, glass, polyvinyl covering, or lead 
slieath over an insulating cover. 

Thonnal Wells 

In only a limited number of applications is it practical to ex¬ 
pose the bare thermocouple to the fluid in which tlie temperature 
is being measured. Any corrosive or oxidizing action is accentu¬ 
ated at higher temperatures, and the resultant action on thermo¬ 
couple matoriais mak^s it advisable to project them by means ot 
a tiiermal well or a protecting tube. Even with a thermal well, 
tb: corrosion and oxidation may be so rapid that frequent re¬ 
placements are necessary. In fact, in certain molten-metal 
baths, it is the practice to use one thermocouple and well for 
one quick reading of temperature and then discard them. 

There are many hundreds of types of thermal wells and simi¬ 
lar accessories, but generally the thermal well is made in the 
form of a tube with a closed end installed, as indicated in Fig. 
3-7. The thermocouple assembly on the left is the kind normally 
used for the measurement of air or gas temperatures, as in a 
furnace. It is composed of a head, a mounting flange, the ther¬ 
mocouple itself, and the thermal well. The thermocouple as¬ 
sembly on the right is used for pressure vessels and pipe lines, 
particularly for liquids under pressure. An open-end thermal 
well, shown in Fig. 3-8, is sometimes used where only slight pro¬ 
tection is required, as in furnaces at lower temperatures. An 
open-end thermal well only protects the thermocouple from me- 
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chanical damage and from the erosive effects of fast-moving 
gases, while supporting the thermocouple from sagging. 

Where corrosion may be severe, especially at temperatures 
over 2000°F or where platinum thermocouples are used, two 
thermal wells are employed, as shown in Fig. 3-9. A secondary 
thermal well covers the primary thermal well. The purpose of 




Fig. 3-7. Thermocouple Installations 

the secondary well is to prevent sagging of the assembly at high 
temperature and to protect the surface of the primary well so 
that it will remain gastight. Secondary wells are made of either 
metal or ceramic, depending on the requirements. 

The materials used for thermal wells are reviewed in Tables 
A-6 and A-7 (appendix), together with a conservative maximum 


Open-end 

Jewe tt 



Fig. 3-8. Opon-End Thermal 
Well 



Fig. 3-9. Secondary Thermal 
Well 


temperature and a few remarks on their application. The maxi¬ 
mum temperature limit varies with the application. It may 
sometimes be higher if corrosion conditions are not severe, but, on 
the other hand, the maximum temperature is seriously reduced 
when corrosion conditions are severe. Thermal wells of platinum 
are used only for molten glass since their cost is extremely high. 
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Almost any of these materials may be used for primary protec¬ 
tion; firebrick, Miillite, and silicon carbide are used only for 
secondary protection. 

The mechanical properties which must be considered in the 
selection of a thermal well are: 

Resistance to corrosion and oxidation. 

Resistance to mechanical shock. 

Resistance to thermal shock. 

Resistance to gas leakage. 

Mechanical strength. 

In some applications the primary purpose of the thermal well 
is to protect the thermocouple from physical damage. In heat 
treating, for example, the work is loaded into a small furnace 
and by accident often comes in contact with the thermocouple, 
bending or breaking it. For physical protection a metal well is 
preferred. 

When the thermocouple is used for testing in a kettle or ladle 
filled with liquids or molten metal, it is plunged into the bath 
and the temperature determined. This imposes a great thermal 
shock or sudden change of temperature on the thermocouple and 
its thermal well, xvletals generally withstand thermal shock, 
but some ceramics do not. 

The thermal well should be impervious to diffusion of gases 
through its walls, since some gases attack thermocouple ma¬ 
terials. With the platinum thermocouple, special care must be 
taken to insure no diffusion of gases through the protecting well. 
A secondary well is sometimes used for prevention of gas leak¬ 
age. Calorized iron and Nichrome are the metals having lowest 
permeability, whereas in ceramics, porcelain, sillimanite, and 
Mullite are superior. 

Response of Thermocouples 

The speed of response of the thermocouple is determined by 
its heat-transfer characteristics: the conduction, convection, and 
radiation of heat between the thermocouple and its surroundings. 
With a bare thermocouple installed in a flowing liquid most of 
the heat is transferred by direct conduction between liquid and 
thermocouple. 
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In a bare thermocouple installed in a gas at low temperature, 
say 400° F or less, most heat is transferred by direct conduction, 
some by convection, and very little by radiation. Direct con¬ 
duction is greatly increased by increased velocity of the gas past 
the thermocouple. In the same installation at high temperatures, 
1000°F or higher, most heat is probably transferred by radia¬ 
tion, some by conduction, and very little by convection. To il¬ 
lustrate the effect of radiation, Fig. 3-10 shows that a bare ther¬ 
mocouple will reach a higher temperature more quickly than a 
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Fig. 3-10. Thencocouplc Lag at Various Temperatures 

lower temperature. The effect of radiation is noticeable even 
at temperatures of 800°F. The time constant of the thermo¬ 
couple is reduced by a factor of three at a temperature of 1700°F. 
Between 400 and 1000°F heat is transferred by all three means. 

When a thermal well is used, the situation differs by virtue of 
the air space separating the thermocouple measuring junction 
and the thermal well. This space is not often filled with solid 
or liquid conducting materials as is the case with an industrial 
thermometer. Sometimes the thermocouple junction is arranged 
to make physical contact with the inside wall of the thermal 
well, but this measure is often ineffective, because the area of 
contact is necessarily small. Between the well and the thermo¬ 
couple heat is transferred by conduction and convection through 
still air at low temperatures, and by radiation and conduction 
at high temperatures. 

Other factors that influence the speed of response of thermo¬ 
couples are: (1) thermal characteristics of materials, particularly 
well materials; (2) the size of the thermocouple and well; and 
(3) the method of application. 
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Response of 'thermocouples 

With few exceptions the materials of the thermocouple do 
affect the speed of response to any great extent. Data are given 
in Table A~6 (ap})endix) for many tliermal-well materials. Al¬ 
though the thermal resistance of ceramics is higher than that 
of metals, the thermal capacity of ceramics is somewhat lower. 
Thermal capacity is more important than any of the otlicr fac¬ 
tors at low teTn])eratures, since the film coefficient of resistance 
is liigli compared to the thermal resistance of the well material. 
The film coefficient of heat transfer is greatly influenced by ve¬ 
locity of fluid past the thermocouple. Data on this point were 
discussed in connection with the speed of response of the indus¬ 
trial thermometer. The speed of air or gas flow should be at 
least 120 fpm, and the speed of liquid flow should be at least 
60 fpm. in order to obtain a reasonable speed of response. 

At higher temperatures the total ernissivity of the surface of 
the tlierm(K!Ouple junction and thermal well determines the cf- 
fectivin^^'SS of radiation in transferring heat. A high omissivity 
means t hat a greater percentage of the heat available isS abs(»rbed. 
Since tlie thermal capacity of the thermocouple and well is more 
or less constant, the greater heat flow’ brings a faster s])eed of 
re.sj)onse. Heat radiators are also good absorbers, and so the 
effect of radiation wmrks in both directions. For polished nudal 
surfa<‘es the enusbivity is quite low, perhaps 0.05, and little iieat 
can be trunsferreij by j'iidiat.ion. For the same metal surface 
w’ell o.vidized, rui-ted, and blackened, the ernissivity may be as 
high as 0 95 or liighcr which allows a large radiation transfer 
of heat. Th(' quahiy of the surface also influences the ernissivity 
and heat radiation. A smooth machined surface has a smaller 
ernissivity than a rough surface as in sand-cast w^ells or rough- 
machined W’ells. 

In general, ceramic materials have a higher ernissivity than 
most smooth oxidized metals. Metallic materials form an oxide 
surface, which improves it as a radiation receiver but decreases 
conduction of heat through the thermal well, because the corro¬ 
sion scale has about 500 times the thermal resistance of a metal 
wall. 

Some thermal-w’ell materials such as quartz, glass, and Vycor 
are translucent and transmit rather than absorb radiation of cer- 
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tain wavelengths. In such cases, the thermal well has much 
less effect on the speed of response, and the thermocouple re¬ 
sponds almost as quickly as though the thermal well were not 
used at all 

The effect of materials of the well is shown in Fig. 3~11, giv¬ 
ing response curves for a 14-gage Chromel-Alumel thermocouple 
with a Vycor well and with a calorized iron well. The high speed 
of response of the Vycor (a glass) is due to its transmission of 
radiation. 



Time, minutes 

Fig. 3-11, Effect of Well on Thermocouple Response 

The size of the thermocouple and well have a greater in¬ 
fluence on speed of response than the materials selected. This 
is caused, in general, by the greater thermal capacity of an in¬ 
creased mass of material. There is a considerable difference in 
response of bare thermocouples of different-size wire, as shown in 
Fig. 3-12. These thermocouples were tested at 250°F. The size 
of the thermal well also influences speed of response. 

Thermal wells for the same thermocouple have different diame¬ 
ters and wall thicknesses, depending on their method of manu¬ 
facture. Cast materials such as Nichrorne, Chromel, and iron 
have thicker walls and slower resixmse than machined wells 
of Inconel, steel, and iron. Ceramic materials such as Vycor, 
/silliinanite, and porcelain generally are made with walls much 
less thick than cast metallic materials. 
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Response of Thermocouples 

Heavier thermal wells with thick walls are undesirable from 
the standpoint of response but are sometimes desirable for re¬ 
sistance to corrosion and for higher strength. A careful balance 
must be made between the lag due to a heavy well and the in¬ 
creased maintenance caused by severe corrosion. Frequent re¬ 
placement of thermal wells of light construction may be econom¬ 
ically more sound than accepting a temperature measurement 
involving great lag. If the temperatures to be measured are 



Time, minutes 

Fig. 3-12. Response of Bare Thermocouples of Different Size 

moderately fluctuating, then the dynamic error caused by a large 
thermal lag will certainly result in measurements that are useless. 

The effect of depth of immersion of the thermocouple or well 
is sometimes to cause an error due to the heat conduction along 
the thermocouple wires or along the thermal well. Ceramic ma¬ 
terials are a little better in this respect, because their higher 
thermal resistance results in less heat conduction. The 8-gage 
thermocouple particularly provides a large area for heat flow 
along the thermocouple wire, and the thermocouple may indicate 
a lower temperature, even when the thermal well is sufficiently 
immersed that its heat conduction is negligible. 

Radiation errors generally exist to an appreciable degree in 
measurement of high air or gas temperatures with thermocouples. 
Radiation effects were previously discussed in Chapter 2 in con¬ 
nection with the thermometer. At temperatures over 1000°F 
(538°C), the thermocouple receives most of its heat by radiation 
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from the fsorrcMindings. These surroundings are indicated in 
Fig. 3“13 for an electric furnace, and they may be the heating 
ciementH, furnace walls, and furnace hearth or floor,. The tem¬ 
perature of each of these points is different; the heating elements 
may be 2500"F, the walls 2400'^F, and the hearth 2]()0^'^F. Tlie 
temperature indicated by the thermocouple will depend on the 
relative amount of radiation received frcun each of the sources. 
It is possible that the thermocouple will indicate a temperature 



Fig. 3-13. Radiutiou Effect in Thermot,)Uple Installationa 

anywhere between 2100 and 2500'^F. If the thermocouple is at 
2300®F, then it receives radiation from the heating elements and 
from the walls but loses heat by radiation to the hearth. With 
still air, which normally exists in small furnaces, the direct con¬ 
duction of heat to the thermocouple is probably negligible. Such 
radiation conditions exist in the measurement of furnace-, duct-, 
and engine-exhaust temperatures. The question of what tem¬ 
perature is measured is generally relegated to the background, 
as long as a stable relation between thermocouple indications 
and product quality is established. 

In the measurement of temperature of flowdng gases, there are 
several methods of employing thermocouples so that true gas 
temperature may be measured or at least approximated.®*** Er- 

® Temperature, Its Measurement and Control in Science and Industry, 
Reinhold Publishing Corp,, 1941, p. 775. 

* E. M. Moffat, “Methods of Minimizing Errors in the Measurement of 
High Temperatures in Oases,” Instruments, 22, No. 2 (Feb, 1949). 
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rors using simple therrnoceuplo installation may be as high as 
50 per cent. First, a radiation shield may be installed around 
the hot jui\c*tion, as with a thermona'ter. It is essential that the 
hot gases flow around both the shield and the thermocoii])le. 
Two or more shields may be used to increase accuracy. The 
velocity of the gases should 
be as })igh as possible; a ven¬ 
turi arrangement is some¬ 
times used to increase the gas 
velocity. Figure 3-14 shows 
a simple radiation shield. 

Second, the thermocou])le 
may be installed in a cylin¬ 
drical shield, closed at one 
end. The gases are pumped 
into the shield past the ther¬ 
mocouple measuring junction and out of the ])i])e or duct. The 
vehuuty of the gases is thereby increased, and the heat transfer 
is improved. Obviously this method is worth while only when 
the gases originally have low velocity. Third, a radiation shield 
installed around the hot junction and maintained at the same 
temperature as the surrounding walls prevents heat loss from the 



Jtadiution Shield 



Fig. ^15. Thermocouple with Cooled Kadialion Shield aud Forced Con¬ 
vection 

thermocouple by radiation. If the surrounding walls are higher 
in temperature than the gases, water cooling of the shield is 
required. If the walls arc at a lower temperature than the 
gases, then electric heating is required. Fourth, if inetlmds 2 and 
3 are combined, as in Fig. 3--15, the efTects of the radiation shield 
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and the increase in gas velocity are to increase further the ac¬ 
curacy of measurement. This method has been used to measure 
gas temperatures in furnace boilers. 

The Millivoltmeter 

The industrial millivoltmeter is a calibrated d-c galvanometer 
especially constructed for the measurement and indication of 
thermocouple emf. It is the simplest and least expensive of all 

Spiral 



the instruments for use with thermocouples. The millivoltmeter 
operates on the principle of the D’Arsonval type of galvanom¬ 
eter, wherein the rotation of a coil in a steady magnetic field 
is proportional to the magnitude of electric current through 
the coils. The deflection of the moving coil is caused by the 
electromagnetic torque, which is counterbalanced by the torque 
of a spiral ^^hair” spring. The arrangement of the millivoltmeter 
mechanism is shown in Fig. 3-16. 

The permanent magnet is constructed of special alloy steel of 
carefull> controlled quality which insures a high yet constant 
magnetic field. Metal pieces called pole pieces are situated at 
the poles of the magnet and serve to concentrate the magnetic 
field at the moving coil. Generally a soft-iron core is placed 
inside the moving coil in order to reduce the air gap and increase 
the field at the coil. 
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The coil is wound in rectangular form of fine wire and is 
iiiounted generally on jewel pivots at the top and bottom. The 
electric connections to the coil are formed by the hairsprings at 
the upper and lower ends. Other means such as a suspension 
of the coil on two fine wires arc sometimes used for mounting 
the millivoltmeter coil. Generally a pivot arrangement is pre¬ 
ferred because of its ruggedness. One of the hairs])rings is ar¬ 
ranged with a movable base so that the zero position of the coil 
and its pointer can be adjusted. 

The millivoltmeter is primarily an indicating instrument, and 
the iH)intcr operates over a scale of about 5 or G in. length. The 



Reference 

junction 


Fuj. 3-17. Mill’. oltnicter and Thennoc()ii})I<i Circuit 

range of the iniilivoltmefer is not normally less than 10 milli¬ 
volts, which corresponds to a temperature rang(' of 0 to 330"’F 
(0 to 182^'C) with an iron-C^mstantari tlii'mioeouple. 

The eireuit of the millivoltmeter pyrometer is shown in Fig. 
3-17. By writing Ohms’s law for the circuit, the following 
equation is obtained: 

Ra T 

lit Ri -\r Rs + Rr 

where = voltage at millivoltmeter terminals 
e — thermocouple ernf 
Rs = resistance in millivoltmeter 
Rc == resistance of millivoltmeter coil 
Ri = resistance of lead wire 
Rt = resistance of thermocouple 

Apparently then, the emf measured at the millivoltmeter ter¬ 
minals is not the emf of the thermocouple. For example, if Rs, 
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Rcf Rr, and Rt have tj’^pical values of 550, 50, 0,15, and 2.5 ohms, 
respectively, the relation between indicated and true voltage is 


€t — 0.995(k 


The millivollTneter therefore indicates less than the true tlierrno- 
couple voltage. This is readil^y overcome by simply calibrating 
the millivoltmeter arbitrarily to read correct ly wlum a given 
external resistaiiee (Rt + Ri) assumed. The einf range of the 
millivoltmetfir is adjusted by selecting the gradic^nl or spring rate 
of the hairsprings and by adjusting resistaina^ R,^, thus controlling 
the amount of pointer movement for a given change of emf. 

The resistance of the millivoltmeter (Rs + Rr) should ther(*- 
fore be as large as possiltle, in order to 1 ‘educe the effect of changes 
in external resistance. Suppose that in the previous example 
the n'sistance of tlie lead wire Ixa^omes 5.0 ohms when its length 
is increased. The relation between indicated and true voltages 
is now 

€{ ~ 0.9915e 

and the millivoltmeter will be in error by 0.41 per cent. 

In ()rd(*r to reduce tlie error caused by changes in external re¬ 
sistance, the internal resistance of tlic millivoltmeter should be as 
high as possible. Usually, the resistance is about 600 ohms. Tlie 
milli\'oltinet,er is then calibrated with a fixed external resistance, 
such as 2 ohms, so that it reads directly in thennocou])k‘ ernf. 
Changes of external resistance cause an error, as iiuiicatetl in 
T'ahle 3-3. In some cases an adjustable resistor is placed in the 
internal circuit of the millivoltmeter as in the Harrison-Foote 
mi 111 voltmeter circuit so that clianges in external resistance can 
b(^ compensated by manual adjustment. 

Changes of ambient temperatun; at the millivoltmeter cause 
two ('fleets. First, the internal resistance of the millivoltmeter 
may change because of the temperature coefficient of resistance 
of the internal resistors. This cTiur is generally avoided by 
making the internal resistor /C of Manganin, which has a negli¬ 
gible teraperature coefficient of resistance, or by selecting a ma¬ 
terial which lias a slight negative coefficient of resistance, so as to 
compensate for the positive coefficient of resistance of the coil. 
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Table 3-3. Millivoltmeter Error from Changing External 
Resistance * 


External 


Resistance, 

Error in 

ohms 

% Scale 

0.5 

+0.25 

1.0 

+0.16 

2.0 

0.0 

3.0 

-0.17 

4.0 

-0.34 

5.0 

-0.50 

6.0 

-0.67 


* Assuming millivoltmeter internal resistance is 600 ohms. 

Second, the greatest error caused by the changes in ambient tem¬ 
perature is the changes in temh>erature of the reference junction. 
If reference-junction temperature compensation is not used, then 
the magnitude of the error is proportional to the, change in emf 
caused by the change of temperature of the reference junction. 
For example, if the millivoltmeter with a Chromel-Alumel thermo¬ 
couple reads 1000°F with the reference junction as 32°F, then the 
instrument will read 960°F when the reference-junction tempera¬ 
ture is 75‘^F and the eiior is ~-40°F, Ordinarily the reference 
junction is not placed in an ice bath to maintain it at 32°F since 
this procedure would involve too much maintenance for an in¬ 
dustrial instrument. Therefore, the millivoltmeter is calibrated 
for a reference-junction temperature of 75°F, which is approxi¬ 
mately room temperature. 

Reference-junction temperature compensation is required be¬ 
cause the fluctuations in temperature of the millivoltmeter case 
are usually sufficient to cause an appreciable error in reading. If 
the changes in reference-junction temperature are more than 
zb5°F, then reference-junction compensation should be used. 
Compensation is accomplished simply in a millivoltmeter by ar¬ 
ranging a bimetallic strip so that it shifts the position of the fixed 
end of one of the hairsprings, as indicated by Fig. 3-18. When 
the reference-junction temperature decreases, the emf of the ther¬ 
mocouple increases. This causes a greater current flow through 
the millivoltmeter coil and results in a greater torque, tending to 
move the pointer upscale. On the other hand, the bimetal com- 
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pensator expands and moves the end of the hairspring suffi¬ 
ciently to cause a torque which is equal and opposite to the torque 
due to greater emf. The pointer then remains stationary. The 
accuracy of compensation depends on the exactness with which the 
torque due to the increase in emf balances the torque due to the 
shift of the hairspring by the bimetal. The accuracy of compen¬ 
sation is such that errors due to change in reference-junction tem¬ 
perature are a small fraction of 1 per cent. 

The response of the millivoltmeter is essentially that of a gal¬ 
vanometer and is governed by the design of the galvanometer. 


y^Pole pieces>^ ^CqH 



Pimetal 
pensator 


^Spiral spring 

Fia. 3-18. Millivoltmeter Reference-Junction Compensatioa 


The damping of the galvanometer is determined by the external 
resistance of the circuit. When the external resistance is 2 ohms 
and the series resistance {Rs in Fig. 3-17) is 550 olims, the gal¬ 
vanometer is designed to have critical damping with an equiva¬ 
lent time constant of about 0,015 min. Normally this time con¬ 
stant is negligible compared to the time constants of thermo¬ 
couples, so that little dynamic error exists in the millivoltmeter. 
When the total resistance of the circuit is smaller than the design 
value, the galvanometer becomes overdamped and is slower in 
response, and, when the resistance is greater, the galvanometer is 
underdamped and will oscillate. The magnitude of the change in 
external resistance is not usually sufficient to cause a great change 
in damping action of the galvanometer. 

The static accuracy of the millivoltmeter without a thermo¬ 
couple is generally better than ±1 per cent of full scale. The 
mean accuracy of the millivoltmeter and a standard iron-Con- 
stantan thermocouple will be dbl.5 per cent of full scale. The 
best accuracy that can be achieved is probably ±1 per cent unless 
an error curve is used. The dead zone of the millivoltmeter is 
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small but quite variable, because it depends on the friction in the 
moving-coil system. 

The Null-Potentiometer Circuit 

The null potentiometer operates by comparing an unknown emf 
against a known emf. This is accomplished in the fundamental 
potentiometer circuit of Fig. 3-19. Assume for the moment that 
the battery supplies a constant volt¬ 
age over the resistors A, S, and P. 

The potential drop across the slide- 
wire S is therefore known, and, if the 
slide-wire is evenly wound, then the 
position of each potential interval is 
known. When an unknown potential 
at the thermocouple exists, a current 
will flow through the thermocouple 
circuit when the known and unknown 
potentials are unequal. The galva¬ 
nometer in the thermocouple circuit 
need not be calibrated; its pointer 
simply moves one way for a given di¬ 
rection of current flow and in the opposite direction for a re¬ 
versed flow of current. 

A scale can be attached to the slide-wire Sy and the position 
of the slider C on the scale can be calibrated for emf of the 
theimocouple. With a thermocouple having a known emf-tem- 
peraturc relationship the scale can be calibrated in terms of 
temperature. 

The calculations of the simple potentiometer circuit are made 
as follows. . Let 

S = slide-wire resistance 
E = battery voltage 

Co = thermocouple emf at lowest scale point 
Sr = span of thermocouple emf 
Ay B Wcuit resistors (Fig. 3-19) 

The potential drop across resistor A is 



Fig. 3-19. Elementary Po¬ 
tentiometer Circuit 


Co = 


( 3 - 12 ) 
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where i is the current through resistor A and the slide-wire. The 
potential drop across the slide-wire is 

e, = iS (3-13) 

The resistor A must therefore be 

^ = (3-14) 

The potential drop across resistor B is 

— (co + Cr) == iB (3-16) 

and the resistance B is 

Apparently then the purpose of resistor A is to adjust the 
calibration of the '^zero’^ point in the slide-wire, and the purpose 
of resistor B is to adjust the range of the slide-wire. 

The resistance of the thermocouple, lead wire, and galvanom¬ 
eter do not affect the accuracy of the potentiometer circuit if it 
is assumed that the elements of the circuit are perfect. This is 
the most important advantage of the null-potentiometer circuit. 

For practical industrial use the basic potentiometer circuit of 
Fig. 3-19 must be modified for the following reasons: first, 
changes in resistances due to temperature must be avoided; sec¬ 
ond, the battery voltage must be kept constant; and, third, 
change in temperature of the reference junction of the thermo¬ 
couple causes an error unless compensated. 

All the resistors of the potentiometer circuit may be made of 
Manganin, which has a negligible temperature coefficient of re¬ 
sistance. Changes in temperature of the circuit then have negli¬ 
gible effect on the accuracy of the calibrated slide-wire. 

The battery voltage is not likely to remain constant since the 
current drain is of appreciable magnitude. A battery generally 
does not fulfill the requirements for an emf constant to 1 part 
in 1000 for a wide range of ambient temperature, a constant 
internal resistance, and a life of at least several thousand hours. 
A voltage regulator might be used, but this method is somewhat 
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more expensive. The method universally adopted is to use a 
good-quality battery in the circuit and either periodically or 
continuously adjust the current in the battery circuit to a 
standard value. This procedure is called standardization. 

The circuit arrangement of Fig. 3-20 for standardization is 
common. The standard cell is a primary voltage standard of 
1.0190 ± 0.0005 volts at 20°C. The standard cell has almost 
infinite life if the current drain is zero. Therefore, the standard 
cell, to be accurate, must be used only under conditions where the 
current drain is negligible or zero. A 
standard cell operates best when used 

at a constant temperature of about r - i | - 

68°F (20°C). The temperature LJ 

should never go above 140°F (60^C) ^ f T nr.Miid l d 

or below 32°F (0°C). The battery « 

for the current source of the circuit ^ 

may be a good-quality drj’' cell, a > 

LeCarbone cell, or an air cell. I ^ 

The circuit arrangement of Fig. 

3-20 is intended for periodic stand- X 

ardization. The switch in the gal- |_X n/WW— 

vanometer circuit is thrown to con- r» ^ ^ 

nect the standard cell into the circuit. Circuit 

The resistor D is merely for the pur¬ 
pose of limiting the current through the standard cell. The 
requirement is that the current through the resistors A, S, and 
B is a constant, fixed value. This condition is determined when 
the galvanometer current is zero. At this condition, the emf of 
the standard cell is equal to the potential difference across the 
resistor iVf, which is determined by the current through the 
resistors M and N in accordance with the laws of parallel cir¬ 
cuits. The current through resistors Af and N is proportional 
to the potential difference across them and is proportional to the 
battery voltage minus the potential difference across the adjust¬ 
able resistor F, Therefore, standardization is accomplished by 
throwing the switch to the standard cell and adjusting the resistor 
F so that zero current flows through the galvanometer. If this 
operation is performed quickly, the life of the standard cell is 
prolonged. Usually the operation of standardization is per- 
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formed about once every hour if automatic and once every day 
if done manually. 

Reference-j unction compensation is accornplishd either man¬ 
ually or automatically, generally the latter, through suitable 
manipulation of resistor N, The analysis is as follows: All that 
is desired is that, when the reference-junction temperature 
changes, the slider C should remain stationary. If the reference- 
junction temperature increases, a decrease in thermocouple emf 
is experienced. The potential drop across resistors A plus L is 
now greater than the potential drop across resistor N plus the 
thermocouple emf. (L is the portion of the slide-wire S resist¬ 
ance to the left of the slider.) If we either manually or auto¬ 
matically increase the magnitude of the resistor N a slight 
amount, the null balance of the circuit is restored without hav¬ 
ing moved slider C. The circuit therefore indicates the same 
measuring-junction temperature as before. This requires 


ia{A + L) = if^N + e (3—17) 

where 4 = current through A 
in = current through N 
e = thermocouple emf 


and where we are assuming that the actual change of resistance 
of N is small, so that the total effect on the branch currents of 
the parallel circuit is negligible. The currents are therefore 


Eab 

A -r S + B 
Eab 

M + N 


(3-18) 

(3-19) 


where Eab is the potential drop across resistors A, S, and B. Sub¬ 
stituting these equations in equation 3-17, we get 



A+L 
A+ B+S 


(3-20) 


The right-hand side of equation 3-20 is constant for any 
given measuring-junction temperature. It is evident that, if the 
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reference-junction temperature increases, the thermocouple emf 
e decreases, and this may be coxnpensated by increasing the 
magnitude of the resistor N. 

For automatic reference-junction compensation, the resistor N 
is made of nickel, which has a large positive temperature co¬ 
efficient of resistance. The resistor N and the thermocouple ref¬ 
erence junction are housed in an enclosure so that they will be 
at the same temperature. The accuracy of compensation de¬ 
pends on the linearity of the thermocouple emf-temperature re¬ 
lationship and how well it matches the reciprocal function of 
the ratio of M and N in equation 3-20. This is the principal 
reason for desiring a linear relationship of thermal emf in a 
thermocouple. The nickel compensation resistor must be matched 
with the thermocouple emf curve for every type and range of 
thermocouple. Generally the accuracy can be made better than 
a small fraction of 1 per cent over quite a wide temperature 
range. 

The thermocouple circuit demands careful workmanship in 
return for high accuracy. The resistors must be accurate and 
are usually assembled in compact fashion in an enclosure so 
that their temperature is uniform. The slide-wire is wound in 
helical form around a core and has 500 to 2000 convolutions ex¬ 
actly spaced. The slide-wire is made from the largest-size wire 
practicable in order to reduce the effect of wear. 

Industrial Potentiometers 

The industrial potentiometer incorporates a null-potentiometer 
circuit with various refinements, as indicated in the previous 
section. The main difference in the various potentiometers lies 
in the means by which the null balance is achieved: that is, the 
method by which the contactor is moved across the slide-wire 
so as to bring the current in the thermocouple circuit to zero. 

The vianuaUbalance potentiometer generally uses a galvanom¬ 
eter for detection of null balance, a slide-wire consisting of both 
fixed and adjustable resistors, a reference-junction compensating 
resistor for manual operation, and a current-standardizing re¬ 
sistor for manual operation. The slide-wire is usually circular 
in form with an indicating scale attached and may be cali¬ 
brated in either emf or temperature. The emf of the thermo- 
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couple is determined by manually rotating the slide-wire and 
scale until the galvanometer pointer comes to zero. The manual- 
balance potentiometer is used for either industrial or laboratory 
work and is generally portable. 

The automatic-balance potentiometer is distinguished from 
the manual-balance potentiometer by the use of a reversible 
electric motor to drive the slide-wire contactor and balance the 
circuit. The physical arrangement of the potentiometer instru¬ 
ment is sliown in Fig. 3-21, a strip-chart recording potentiome¬ 
ter, and Fig. 3-22, a circular-chart recording potentiometer. A 
separate synchronous motor is used to drive the chart at the de¬ 
sired speed. The pen and slide-wire are simultaneously driven 
from the balancing motor. The method by which the balancing 
motor is operated from the null circuit is described briefly in 
the following sections. The instrument also contains the dry 
cell, the standard cell, the reference-junction compensation 
means, and the standardization mechanism. 

The mechanical-balance potentiometer employs a galvanom¬ 
eter with an accessible swinging pointer, which is momentarily 
clamped in its position about once every 3 sec. A ratchet and 
pawl arrangement then ^‘feels” the position of the pointer, and, 
if it is not at zero, the slide-wdre contactor is moved by means 
of a mechanically connected continuously rotating electric motor 
to bring the galvanometer to zero. The mechanism is arranged 
so that the circuit is brought to balance in several steps. The 
galvanometer is damped so that it arrives at a stable position 
between clamping periods. A pointer or pen is made to operate 
over a scale or chart by connecting through gearing or cables 
directly to the slide-wire. This potentiometer usually includes 
reference-junction compensation and either manual or auto¬ 
matic standardization. 

The system used by The Brown Instrument Company is shown 
in Fig. 3-23 and gains its advantage by elimination of the gal¬ 
vanometer altogether. The d-c potential of the thermocouple 
circuit is applied to a vibrating-reed converter. This converts 
the d“C potential to a filtered a-c potential at the output of the 
transformer. The a-c potential passes a stage of voltage ampli¬ 
fication and a stage of power amplification and is made to op- 
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erate a reversible induction motor. The motor drives the slide- 
wire contactor to restore balance. The direction of motor drive 
is determined by the polarity of the filtered and amplified a-c 
potential. The elimination of the galvanometer results in more 

ruggedness, and the balancing 
action can be made smooth 
and fast. 

An automatically balancing 
potentiometer made by the 
Leeds & Korthrup Company 
can be described in similar 
terms. 

The scheme of the Leeds & 
Northrup high-speed potenti¬ 
ometer is shown in Fig. 3-24. 
A carbon-microphone modu¬ 
lator is used to convert the 
thermocouple emf to an a-c 
signal. A stage of voltage amplification passes this signal to a 
Thyratron push-pull drive for operating the motor. The motor 
drives the slide-wire for balancing the emf in the measuring cir¬ 
cuit. A tachometer generator is also operated by the motor for 
stabilizing purposes. Because of good stability the instrument 


Battery 



Fia. 3-23. Schematic Arrangement 
—The Brown Instrument Company 
Potentiometer ^ 


Battery 
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j: 




Reversible 

motor 

Tachometer 

generator 


X CarborTv Amplifier and 


ermocoup e Thyratron drive 

Fia. 3-24. Schematic Arrangement—Leeds <fe Northrup Company Poten¬ 
tiometer 


can operate at very high speeds for recording fast-changing tem¬ 
peratures. 

The system of the Bailey Meter Company uses saturable core 
reactors in order to convert the d-c potential of the thermocouple 
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circuit into an a-c potential. This potential then is amplified 
to operate a reversible motor, as described previously for corre¬ 
sponding instruments. 

The system used by The Bristol Company, shown in Fig. 3-25, 
employs a galvanometer with a free-swinging pointer. The gal¬ 
vanometer pointer has a very rmall travel and carries a contact. 
An unbalance causes the pointer to move to one side until it 
makes one of the contact points. This directly operates one of 


Battery 



Fig. 3-25. Sfliematic A * -fingoment 
—The Bristol Company Potentiom¬ 
eter 


Battery 



Fig. 3-26. Schematic Arrangement 
—C. J. Tagliabue Potentiometer 


the relays, and a reversible electric motor moves the slide-wire 
contactor to the balance point. At balance the galvanometer 
pointer is between the two contacts and the motor remains sta¬ 
tionary. The inertia of the galvanometer is small, enabling a 
fast response of the instrument. 

The system used by the C, J. Tagliabue Company is shown 
in Fig. 3-26. The galvanometer has no pointer but includes a 
mirror. A light beam is directed through a window in the gal¬ 
vanometer housing and is reflected by the mirror back out the 
window and onto a photocell. On a circuit unbalance, the mirror 
rotates and moves the light beam on or off the edge of the photo¬ 
cell. The current frcnn the photocell is electronically amplified 
to operate relays for driving the motor. When the slide-wire 
contactor is back at balance, the light beam is again at the neu¬ 
tral edge of the photocell. The galvanometer is totally enclosed, 
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has small inertia and therefore fast action, and is quite rugged 
in construction. 

The null system used by the Wheelco Instruments Company 
is sketched in Fig. 3-27. The standard potentiometer circuit is 
employed, and a galvanometer is used to detect unbalance be¬ 
tween the thermocouple poten¬ 
tial and the slide-wire poten¬ 
tial. The vane on the galva¬ 
nometer pointer operates be¬ 
tween two oscillator coils, and, 
when the vane is out of the 
balance position, the amplifier 
drives the motor to rebalance 
the circuit. 

The pyrometer of The Fox- 
boro Company uses a capaci¬ 
tance balance circuit in a sys¬ 
tem completely different from 
the ordinary self-balancing 
potentiometer. As shown in Fig. 3-28, this method operates by 
comparing the unknown potential to a standard potential by 
measuring the relative discharge of a fixed and variable capaci¬ 
tor carrying these respective potentials. C\ is a fixed capacitor, 
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Fio. 3-27, Schematic Arrangement 
—Wheelco Instruments Company 
Potentiometer 



Fig. 3-28. Schematic Arrangement—^The Foxboro Company D-C Potential 

Instrument 

and C 2 is a variable capacitor. The contact switches are oper¬ 
ated by a vibrator at line frequency. When the vibrator switches 
are in the upper position, capacitor Ci is charged by the thermo¬ 
couple potential and capacitor C 2 is charged by the standard cell 
potential. When the switches move downward after a small 
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fraction of 1 sec, the capacitors are short-circuited with opposite 
polarities. If the electrostatic charge at each capacitor is not 
the same, a current flow appears in the detector circuit. 

The d-c unbalance at the detector is converted to an a-c un¬ 
balance by means of a second section of the same vibrating-reed 
converter used for capacitor switching. This potential is then 
passed through voltage and power amplification to drive a 
viscous-d:,mped double-sole- 
noid-drive motor. The drive 
mechanism mechanically po¬ 
sitions a calibrated variable 
capacitor C 2 for rebalancing 
the circuit. The main ad¬ 
vantage of this system is 
that the circuit requires no 
battery and no standardi¬ 
zation, since direct opera¬ 
tion from the standard cell 
requires very little current 
drain. Reference-junction 
compensation is accom¬ 
plished at a resistor in the 
standard-cell circuit, and the resistor has a selected temperature 
coefficient of resistance. 

Automatic standardization is in general use with the automatic- 
balance potentiometer. The null-potentiometer circuit is repro¬ 
duced in Fig. 3-29. The current source is standardized, by one 
of the automatic-balancing methods described previously, to ad¬ 
just the battery resistor F until the detector (a galvanometer 
or other means as just described) indicates zero current flow in 
the standard-cell circuit. This operation is accomplished com¬ 
pletely automatically about once every hour by a suitable timer 
and switches. Generally the drive mechanism, either mechanical 
or electromechanical, is “borrowed” from the measuring circuit 
to perform standardization. Sometimes a second driving mech¬ 
anism of smaller proportions is supplied specifically for oper¬ 
ating the battery resistor and standardizing the circuit. Also the 
standardization may be made semiautomatic in that it is insti¬ 
gated only by the manual operation of a push button. 


Battery 



Fia. 3-29. Method for Automatic 
Standardization 
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The accuracy of automatic-balance potentiometers is gener¬ 
ally better than ±0.25 per cent of span, based on emf only; 
that is, without a thermocouple. The root-square accuracy of 
the potentiometer and of a standard iron-Constantan thermo¬ 
couple is probably ±1.1 per cent of full scale. The best ac¬ 
curacy that can be achieved without special error-curve calibra¬ 
tion is probably ±0.33 per cent. The dead zone of the auto¬ 
matic-balance potentiometer depends on the construction of the 
slide-wire. For all normal conditions of use, the balancing sys¬ 
tem positions the slide-wire contactor to the nearest convolution 
on the slide-wire. The dead zone is generally between 0.05 and 
0.15 per cent of full scale. There is probably no other industrial 
instrument in wide use having an accuracy and sensitivity com¬ 
parable to the industrial automatic-balance potentiometer. 

Problems 

3-1. Calculate the thermal emf of a copper-Constantan thermocouple 
in degrees centigrade with the reference junction at O^C. Check the emf 
values at —200, ±200, and ±400®C with the standard tables. Why is 
there a difference? 

3-2. It is desired to measure the temperature (about 1100®F) in a fur¬ 
nace having a highly oxidizing atmosphere. The temperature changes so 
rapidly that a bare thermocouple must be used. Which type would you 
select? Why? 

3-3. If we assume that a selected Chromel-Alumel thermocouple is in 
contact with the work in a furnace and a portable precision potentiometer 
of ±0.05 per cent accuracy is used, what is the root-square accuracy that 
can be attained? 

3-4. In using a copper-Constantan thermocouple at 200®F, the copper 
and Constantan lead wires were inadvertently interchanged. The refer¬ 
ence junction is at 32®F, and the thermocouple head is at 80®F. What is 
the error in the reading of temperature? Under what conditions would 
no error be encountered when the lead wires are reversed? 

3-5. An iron-Constantan thermocouple is used with a carbon-steel ther¬ 
mal well at a temperature of 700®F. It is suggested that the well be filled 
with mercury to improve response. Should you adopt the suggestion? 
Give two reasons. 

3-6. The supervising engineer would like to have an indicating milli- 
yoltmeter of 500 ohms internal resistance installed in his office in order to 
check a critical process temperature. A 12 B&S gage iron-Constantan 
thermocouple and lead wires with a resistance of 0.00921 and 0.0406 ohm 
per foot, respectively, are used. The distance from the hot junction to 
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the mini voltmeter is 210 ft. What static error is involved if the manu¬ 
facturer supplied the instrument calibrated for 3 ohms external resistance? 
What about galvanometer damping? 

3~7. In the complete null-potentiometer circuit of Fig. 3-20, assuming 
perfect operation of the galvanometer, which of the following conditions 
are likely to cause a static error? 

(a) Contact resistance of 10 ohms between slider and slide-wire. 

(h) Contact resistance of 10 ohms at battery resistor F. 

(c) Change in value of standard-cell resistor D. 

id) Change in potential of standard cell. 

(e) Change in potential of battery. 

3-8. In the complete null-potentiometer circuit of Fig. 3-20, the fol¬ 
lowing values are used; Ef^ — 12 volts, F = 30 ohms, jS = 10 ohms, 
M — 50 ohms, N — 5 ohms. For a range of 100 to 500®F with an iron- 
Constantan thermocouple, find the values of resistors A and B. 

3-9. With an iron-Constantan thermocouple at a temperature reading of 
400®F, suppose that the battery voltage of the potentiometer declines at 
the rate of 11.6 per cent per day. The accuracy required is db4®F. How 
often should the circuit be standardized? Hint: Compute by ratios. 

3-10. An iron-Constantan thermocouple is calibrated with its reference 
junction at 32®F. What correction must be made to the indicated emf if 
the cold junction is actually at 75®F? Use tables. 

3-11. A Chromel-Alumel thermocouple is calibrated with its cold junc¬ 
tion at 32®F. What is e indicated emf if the hot junction is at 1820®F 
and the reference junction is at 100®F? Use tables. 

3-12. Twenty copper-Constantan thermocouples arc used with a 20- 
position selector switch and an automatic-indicating potentio.meter. Sketch 
a circuit for this system, showing particularly what is done with the refer¬ 
ence junctions, 

3-13. A thermocouple is to be imbedded in the work in a furnace hav¬ 
ing high-frequency heating. Can you suggest what difficulties might be 
encountered if an automatic potentiometer of either the galvanometer or 
electronic type is used? 

3-14. A thermocouple has its hot junction at 500®F and its reference 
junction at 75®F. One of the thermocouple wires becomes heated to 600®F 
at a point midway between hot and cold junctions. What effect does this 
have? 

3-15. An automatic potentiometer of 5 millivolts span is available for 
measuring a temperature of 325®F. Select a thermocouple, and give the 
temperature range of the instrument, the emf range of the instrument, and 
the root-square accuracy that might be expected at this temperature. 

3-16. In the complete potentiometer circuit of Fig. 3-20 what is the 
purpose of resistors M and Z>? 

3-17. When a thermocouple and well are placed in an air stream of con¬ 
stant velocity with the walls of the enclosure at a higher temperature 
than the air, a radiation error exists. Assume that the surface area of the 
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enclosure is large compared to the area of the thermal well. Derive the 
following equation for true air temperature. 


T « 




where T = true air temperature, degrees Rankine 
Ti « indicated temperature, degrees Rankine 
e — emissivity 

K =» radiation constant, 0.172 
h — convection coefficient, Btu/hr/ftV°F 
Tw « wall temperature, degrees Rankine 

3-18. Describe the differences in Peltier heat and Joule heat. Why is 
the Joule heat not important in the theory of the thermocouple? 

3-19. Derive the relations, 

T dE aA — (TB (i^E 

T ^ '~dT^ 

(a) The derivative (dE/dT) is called the thermoelectric power. Why? 

(b) Does the second derivative give a maximum or a minimum or both? 

(c) What is the condition for maximum thermoelectric power? 

3-20. Two inillivoltmeters are to be installed at different locations oper¬ 
ating from the same thermocouple. Would a series connection or a paral¬ 
lel connection be more desirable? Derive an expression in each case for 
the voltage at the millivoltmeter terminals, 

3-21. Two millivoltmeters are connected in parallel to a thermocouple. 
The millivoltmeters have different internal resistan(;es Ri and R 2 > The 
millivoltmeter coils have the same resistance R^. The thermocouple and 
lead-wire resistance is R^.^, Derive an expression for the voltage at the 
millivoltmeter terminals, if a negligible distance is assumed between the 
meters. 
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' The industrial resistance thermometer is being more widely used 
in recent years because of its recognized accuracy and simplicity 
for industrial operations. A further advantage is that resistance 
temperature measurement allows very small increments of tem¬ 
perature to be detected; temperature changes as small as 0.03°F 
can be measured in industrial processing without great difficulty. 
In the laboratory the resistance thermometer is a standard for 
precise temperature measurement.) The success of the resistance 
thermometer is due primarily to Callendar who, in 1886, rescued 
this method of temper^\ture measurement from difficulties with 
contamination of the resistance clement. The introduction in re¬ 
cent years of the resistance-thermometer instrument employing 
an a-c detection and balancing mechanism simplified tlie instru¬ 
ment for industrial use. 

The resistance thermometer is, at present, useful within about 
the same temperature limits as the expansion thermometer, the 
copper-ConvStantan thermocouple, and the iron-Constantan ther¬ 
mocouple; the limits are approximately —300 to 1200®F. A 
platinum resistance thermometer is used to define the interna¬ 
tional temperature scale between —310°F ( —190®C) and 32®F, 
and between 32°F and 1220®F (660®C). 

Thermal Coefficient of Resistance 

(The resistance thermometer operates from the change of elec- 
trfcal resistance of a substance with temperature. Usually this 
substance is a metal, but nonmetallic materials called semi¬ 
conductors have also been used. The industrial resistance ther¬ 
mometer nearly always employs platinum, copper, or nickel. A 
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material suitable for use as a resistance-thermometer element 
should l^e, first, a continuous and stable relationship between 
resis^ce and temperature, and, second, a relatively high ther- 
mjai coeflScient of resistance. ; 

" fThe resistance of most metals increases with temperature; 
that is, their conductivity decreases. The variation of the elec¬ 
trical resistance with temperature is assumed to be of the form, 

R = i2o[l "f* “f" Cl2^ “t" * * * CLni^\ (^1) 

where R = resistance, ohms 

Rq = resistance, ohms at 0°C 
t = temperature, degrees centigrade 
ai • • • an = constants 

For general purposes an average coefficient of resistance, ax iu 
the foregoing equation, is given in most tables where all terms 
higher than the first power are assumed to be zero. Thereby a 
linear relationship of resistance and temperature is assumed over 
a small temperature range. This method is not sufficiently ac¬ 
curate for use in resistance thermometry./ For platinum two 
constants are sufficient up to about 1200°F (649*^0) and even 
higher. Its equation is therefore quadratic and varies from a 
linear relationship by about 7.0 per cent at the upper limit. 
Three constants are generally used for copper, although the re¬ 
lationship is very nearly linear up to 250°F (121°C). Three 
constants are necessary for nickel in the common temperature 
range, and its relationship is appreciably nonlinear. Resistance- 
temperature data on some metals are given in Table A-15 
(appendix). 

(The coefficients of resistance may vary considerably with the 
purity of the metal and with its heat treatment.) In fact, the 
temperature coefficient of resistivity has been used as a test for 
impurities. ^This is considered a chsadvantage in the use of the 
resistance thermometer: namely, that the primary element is 
sensitive to contamination and oxidation and requires protection. 
With careful use the resistance thermometer may be employed 
considerably above the limits given, provided limitations due to 
physical construction are not exceeded. ) 

The resistance of copper is considerably lower than that of 
either nickel or platinum, and, although this is a disadvantage 
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because accurate resistance measurements are required, its sta¬ 
bility and linearity of resistance versus temperature make it 
especially suitable for the measurement of temperatures near 
ambient. 


Table 4 r - l . 

Resistance Properties of Metals 


Resistiidty, 

ohms/mil-ft 

Melting 

Temperature 


at 68°F 

Limit, °F 

Limit, 

Platinum 

59.1 

3224 

1200 

Copper 

9.4 

1981 

250 

Nickel 

38 

2651 

600 


Resistance-temperature measurements below 32°F may be 
made, but, although platinum has been used as low as — 400®F, 
the industrial resistance thermometer is not often used below 
— 150°F. Probably this is due to the fact that temperatures as 
low as —IbO^F are not often encountered in industrial opera¬ 
tions. Equation 4~1 with the constants of Table A~15 (appen¬ 
dix) is not valid much below 32''F. The resistance-versus-tem- 
perature relationship is radically altered at very low absolute 
temperatures by the phenomenon of supraconductivity. At a 
temperature of about 1 to about 50°K, depending on the metal, 
the resistance drops suddenly to almost zero. Naturally a 
resistance thermometer cannot be used below this point. 

In precision resistance thermometry a platinum resistance ele¬ 
ment is used. The resistance-temperature relation for platinum 
elements is given by the famous Callendar equation: ^ 

r ~ /^o 1 [ T IT 

T - --^ 100+5 -1 - (4-2) 

iRioo -RoJ LlOO J 100 

where T = temperature at resistance element, degrees centigrade 
Rt = resistance at temperature T, ohms 
Ro = resistance at 0°C, .ohms 
^100 = resistance at 100°C, ohms 

5 = constant, characteristic of each element (about 1.49 
to 1.50 per degree centigrade) 

1 See E. F. Mueller, ^Trecision Resistance Thermometry” in Tern- 
T^rature, Its Measurement and Control in Science and Industry, Reinhold 
Publishing Corp., 1941, p. 162. 
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Since the resistance of platinum is given by using two constants 
in equation 4~1, 

8 1 

--- (4-3) 

100 

\A2/ 100 

The accuracy of the Callendar equation is in excellent agree¬ 
ment with the thermodynamic scale, and correction is not re¬ 
quired in the region 32 to 1832°F. The three constants, i?o, 
Riooy and S are determined by calibration of the thermometer at 
0, 100, and 444.6'^C. The last is the sulfur point. 

Industrial Resistance-Thermometer Bulbs 

The industrial resistance-thermometer bulb is made in various 
forms, but essentially it consists of a coil of fine wire wound on 
or in a frame of insulating material, as indicated in Fig. 4-1. 
First of all, the resistance wire is arranged so that good thermal 
conductivity is provided and a higli rate of heat transfer ob¬ 
tained, Second, the windings should be made in such a manner 
that physical strain is negligible as the wire expands and con¬ 
tracts with temperature changes. Electrical resistance also 
changes with strain (or with mechanical stress), and this effect 
is employed in the electrical strain gage for measurement of small 
displacements. Third, inductive effects due to the position of 
the wire in a coil must be minimized in order to make the meas¬ 
urement one of resistance only. The resistance bulb is annealed 
and aged after manufacture in order to stabilize its electrical 
properties. Needless to say, (the resistance wire itself'|iiust be 
homogeneous in order to avoid any localized emf, because of the 
thermoelectric effect when the bulb is not at uniform tempera¬ 
ture and in order to avoid variation in temperature coefficient 
of resistance}, 

The platinum resistance-thermometer bulb usually has a re¬ 
sistance at 32""F between 10 and 35 ohms, although values as 
high as 125 ohms are in use. The wire is wound on a notched 
or perforated mica frame so that the shape is inore or less that 
of a round coil, as indicated in the diagram on the left in Fig. 
4-1. Another form, indicated on the right in Fig. 4-1, is made 
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with the platinum wire clamped between two mica plates. This 
latter form makes the thermometer bulb more compact. Im¬ 
provement in heat-transfer characteristics is obtained by using a 
metal frame having spring qualities so as to insure physical con¬ 
tact between all parts of the bulb. The platinum bulb is used 
industrially between the limits of —300 and 1200‘^F. 

The copper resistance bulb usually has 10 ohms resistance at 
32°F, less than other bulbs because of the low resistivity of 
copper. Since it is used only at moderate temperatures, the 


winding 

Resistance winding 

Fig. 4- Resistance-Thermometer Elements 

frame may be composed of a plastic or of glass instead of mica. 
The copper bulb is used industrially between the limits of —40 
and 250^F, 

The nickel resistance bulb has a resistance at 32°F of 100 to 
300 ohms, depending on the circuit in which it is used. A high 
resistance is employed because the resistivity of nickel is high, 
it is a relatively inexpensive material, and high resistance makes 
resistance measurements easier. Since the nickel bulb is used in 
the moderate-temperature range, the wire may be wound with 
plastic or glass insulation. The nickel bulb is used industrially 
between —300 and 600°F. 

A resistance-thermometer element is sometimes made of a strip 
of very thin nickel foil with a resistance of about 10 ohms. As 
a bolometer it is used to receive radiant energy. The bolometer 
is discussed more fully under radiation-receiving elements. 

Another type cf resistance-thermometer element is made in 
the form of a woven-wire mesh cloth. This type is particularly 
suitable for some surface-temperature measurements. 
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The connections to the wires of the resistance bulb are made 
carefully in order to avoid contact resistance and thermoelectric 
effects. Conta^ct resistance is avoided by soldering, fusing, or 
welding joints. 1 The thermoelectric power of copper and plati¬ 
num or of nickel and copper junctions is not negligible. i^Conse- 
quently thermoelectric emf^s can be avoided only by making 
certain that all such junctions in the circuit are at the same 
temperature. 

Resistance-thermometer bulbs are generally used with a 
thermal well, except when the temperature measurement is be- 




Fig. 4-2. Industrial Resistance-Thermometer Bulbs 

ing made in dry air. Platinum bulbs may be fitted with a well 
of porcelain, brass, or stainless steel which is sometimes sealed. 
The well is in the form of a tube, as shown in Fig. 4-2, or the 
sensitive end of the well may be flattened to provide better heat 
conduction between well and resistance bulb. Often a secondary 
well, made of one of various metals, is used to protect further 
the resistance element from contamination. 

(The speed of response of modern resistance-thermometer bulbs 
is approximately equal to the speed of response of thermo¬ 
couples when they are used under the same conditions.] The typ¬ 
ical response of a resistance-thermometer bulb is shown in Figs. 
4-3 and 4-4. Here again we see the same effects as were noted 
for pressure thermometers and thermocouples. The resistance 
thermometer responds much more quickly in a fast-flowing liquid 
than in air. A greater part of the lag is caused by the necessity 
for using a well with the inevitable air space separating the re¬ 
sistance element and the well. The thermal resistance of the 
air space is more influential in causing lag when the thermometer 
is installed in liquid than in air, because the resistance of the 
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heat-transfer film around the well is small compared to the re¬ 
sistance of the air space inside the well. In air, radiation trans- 
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Time, minutes 


PiQ. 4-3. Response of Resistance Thermometer in Air at 200®F 


Fia. 4-4. 



Time, minutes 

Response of Resistance Thermometer in Agitated Water at 


150"F 


fer of heat occurs, and the condition of the surface of the well is 
important. As a rule, rough and darkened surfaces are better 
receivers of radiation. The secondary well nearly doubles the 
lag, as would be expected. 
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The accuracy of resistance thermometers is better than that 
of either thermocouples or expansion thermometers. Standard 
industrial resistance-thermometer bulbs are generally accurate 
to ±0.25 per cent, varying somewhat for different temperature 
ranges. To reduce the static error, selected resistance bulbs may 
be used. Thus the standard resistance-thermometer bulb has bet¬ 
ter accuracy than a selected iron-Constantan or copper-Con- 
stantan thermocouple. 

The precision and reproducibility of resistance thermometer 
bulbs are, in general, better than those of thermocouples. This 
is primarily due to the absence in the resistance thermometer of 
anything resembling a reference junction. The temperature is 
measured by the change of resistance of the bulb, which is alto¬ 
gether located in the fluid in which the temperature is measured. 

Resistance-Thermometer Circuits 

Measurement of temperature with a resistance thermometer 
reduces to a measurement of electrical resistance. The tech¬ 
niques of resistance measure¬ 
ment are well advanced, and 
high accuracy and precision 
are not difficult to obtain. 

The Wheatstone bridge 
with various modifications 
required for use with a re¬ 
sistance-thermometer bulb is 
the most common method of 
measurement. Whether the 
resistance bridge is operated with alternating or direct current 
is immaterial in the following discussion, and both are in use. 
An a-c capacitance bridge may also be used. 

The Wheatstone bridge, shown schematically in Fig. 4-5, is 
the basic system for measurement of resistance. A battery ap¬ 
plies a potential across two of the junction points, and a galva¬ 
nometer connects tlie other tw^o points. A and B are fixed re¬ 
sistors, wdnle r is the resistance-thermometer bulb, and S is an 
adjustable slide-wire. All resistors and slide-wires are made of 
Manganin in order to avoid any effect due to ambient-tempera¬ 
ture changes. The Wheatstone bridge is a null method of meas- 



Fig. 4-5. Simple Wheatstone Bridge 
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urement, because at the balance or null point the potential across 
resistors A and B must be equal to the potential across r and S. 
Thus, if we ignore the resistance of the lead wires, 


and 




(4~4) 


ioT = ibS 


where 4 and 4 are the currents through resistors A and By respec¬ 
tively. Combining gives 

' -(s)« 

Therefore, adjustment of slider C on slide-wire S balances the 
1.ridge. The bridge may be calibrated for temperature w'ith 
slider C reading on a cali¬ 
brated scale. 

Three improvements must 
be made in the simple Wheat¬ 
stone bridge. First, contact 
resistance between slider C 
and slide-wire 3 is directly in 
Die bridge circuit. Contact 
resistance may amount to a 
fraction of an ohm but is 
quite variable, depending on 
the condition of the slide-wire. Dirt, dust, and wear may 
increase contact resistance. Second, the thermometer bulb r is 
connected into the bridge by lead wires of some length, perhaps 
1000 ft or even more. Variation in temperature of the lead 
wires causes a variable resistance which is directly in the bridge 
circuit. Third, the current through the bulb causes a Joule heat¬ 
ing effect laV, which is variable, depending on the magnitude of 
the current. The heat thus generated raises the temperature of 
the thermometer bulb an amount depending on the thermal ca¬ 
pacity of the bulb and tlie rate of transfer of heat from the bulb 
to its surroundings. 

The Callendar-Griffiths bridge of Fig. 4-6 is an improved cir¬ 
cuit in common use. The slide-wire S is placed at the top of 



Fig. 4-6. Callendar-Griffiths Bridge 
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the bridge where it may lie in both arms of the bridge. Balance 
in the bridge is accomplished by adjusting the slider C so that 
current through the galvanometer is zero. As before, 


tdD==H(B+S-fS) (4-6) 

idr = h(A +fS) (4-7) 

where / is the fraction of slide-wire S lying in the A arm of the 
bridge, and it and id are the currents through the corresponding 
arms of the bridge. Dividing gives 


r — D 



B 


(4-8) 


By adjusting the slider C along slide-wire S the bridge is bal¬ 
anced and the position of the slider may be calibrated in terms 
of temperature. 

The effect of contact resistance is avoided because the contact 
and slider C are not in the bridge circuit but in the galvanometer 
circuit. The only effect of variation in contact resistance is to 
cause a negligible change in operation of the galvanometer while 
the accuracy of the bridge is unimpaired. 

The Siemens three-lead method is used in the circuit of Fig. 
4-6 to compensate for variable lead-wire resistance. The galva¬ 
nometer connection is now made at the resistance bulb and 
forms the third lead wire. Each lead wire is made of copper 
wire of the same diameter and length, so that the resistance of 
each is the same. The three lead wires are run in the same cable 
so as to pass through the same temperature conditions. If the 
resistance of each lead wire is Riy then one lead wire is in the r 
arm of the bridge and one in the D arm of the bridge. The 
resistance of the galvanometer lead wire has negligible effect. 
Rewriting the foregoing equations and including lead-wire re¬ 
sistance gives 


id{B + Ri) = h(jB + iS — JS) 
id(r -f Ri) = ih{A -|- fS) 


(4-9) 

(4-10) 
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Dividing results in 

A 

r + Ri _ 

D4-i2i ~ B (4-11) 

-A-l-f 

ct ^ 


If the right side of equation 4-11 is made unity, 

r - Z> (4-12) 

Therefore, the balance of the bridge is independent of lead-wire 
resistance only at one particular setting of the slide-wire that 
is, the right-hand side of equation 4-11 can be made unity only 
for a given setting of the slide-wire contactor. At one tempera¬ 
ture of the scale, say 50 per cent, the compensation is exact, and 
resistances A and B must be equal in magnitude. At other tem¬ 
peratures there is a slight and almost negligible static error when 
there are changes of ambient temperature along the lead wires. 
With this circuit the resistance of the lead wire should be re¬ 
duced as much as pc^ssible by using large-diameter copper lead 
wire, and the lead-wire cable should be installed where minimum 
change of temperature is encountered. 

Heating effect is proportional to the current, 



But in order to achieve compensation resistor D is equal to the 
mid-value of r. The heating effect is therefore 



4r 


(4-14) 


The change in bulb current for full-scale temperature change 
is therefore small when the battery voltage (or bridge voltage) 
is small and when the resistance of the thermometer bulb is 
large. 

The double^slide-wire bridge of Fig. 4-7 (Leeds & Northrup 
Company) is designed to improve lead-wire resistance compen¬ 
sation. Two slide-wires Si and S 2 are so mechanically connected 
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Fio. 4-7. Double-Slide-Wire Bridge—Leeds Norihrup Company 

that their contactors always move in unison. Balance of the 
bridge is expressed by 

iaiA + Si - fSi) - hifSi A B+S 2 - fS2) (4-15) 
iaV - H(fS2 + D) (4-16) 

Dividing as before gives 

(A+S, ^fS,)(fS2 + D} 

r =- (4--D) 

fSi+B+S2-fS2 

A little analysis of this equation reveals that simultaneous ad¬ 
justment of both slide-wire contactors balances the bridge, and 
it may be calibrated in terms of temperature. 

Contact resistance in this circuit has almost no effect on ac¬ 
curacy, since the contacts are in the battery ciruit and galva¬ 
nometer circuit. 

Lead-wire compensation is accomplished by the Siemens three- 
wire method as in the previous circuits. Rewriting equation 4-16 
and including lead-wire resistance, we have 

iair + Ri) = H{fS2 + D + Ri) (4~18) 

Combining gives 

r + Ri ^ A + Si -fSi 
fS2 + D + Ri fSi+B + S2- fS2 
If the right-hc^id side of equation 4-19 is unity, then 

r^fS2 + D 


(4-20) 



Resistance-Thermometer Circuits 


117 


and the accuracy of the bridge is unaffected by changes in lead- 
wire resistance at all measured temperatures of the scale; that is, 
the right-hand side of equation 4-19 can be made unity for any 
setting of the two slide-wires, because 

A +Si -fSi +B-i-S2 -fS2 (4-21) 


reduces an identity if ^S '2 = 2Si and if ^ — i? = iS]. Therefore, 
with a properly constructed bridge and with equal resistances of 
lead wires, compensation is exact. 

Heating effect is proportional to the current through the bulb. 


// = ^ — \ 

\r + .4. + fSi/ 


+ -4. + fSi/ 
Substituting from the above equalities gives 

E 


-( ^ V 

~ \3r + A ~ 2 Z>/ 


(4-22) 


(4-23) 


The current through the bulb is therefore not quite constant. 
However, by selecting a large value for resistor A and using a 
small battery voltage, the 
change in heating effect is 
reduced to negligible propor¬ 
tions. 

The capacitance bridge (The 
Foxboro Company) is shown 
in schematic form in Fig 4-8. 

An a-c supply of 1000 cps is 
used, and the balance of the 
bridge is detected by elec¬ 
tronic means. The variable 
capacitor C 3 is used for bal¬ 
ancing the bridge by adjusting the impedance of its branch. 
Thus, 

Zr Zi 

~ - -i (4-24) 

Z^ Z2 



Fia. 4-8. Capacitance Bridge—The 
Foxboro Company 


where Z is the impedance of the corresponding branch of the 
bridge. Substituting for the complex impedance of each branch, 
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r R\ 

iz H 

0)Oz 0)C2 


( 4 - 25 ) 


where i is the current through capacitors and where w is the fre¬ 
quency of alternating current. For balance of the bridge the 
current through each capacitor is the same and, 



( 4 - 26 ) 


Balance of the bridge is therefore accomplished by adjustment 
of capacitor C 3 against variation in resistance r of the,ther¬ 
mometer bulb. 


Lead-wire resistance compensation is accomplished by the use 
of the Siemens three-wire method. The compensation is not 



Fio. 4-9. The Mueller Bridge for 
Laboratory Use 


exact, since a one-to-one ratio 
of bridge impedances cannot 
be maintained at all times, as 
it is in the double-slide-wire 
bridge. Lead-wire compensa¬ 
tion is therefore made exact 
at one point of the bridge set¬ 
ting while at other points the 
error is nearly negligible. The 
effect of contact resistance is 
completely eliminated because 
there is no contact or slide- 
wire. Heating effect at the 
resistance-thermometer bulb 


is reduced by using high-resistance values in the bridge, although 
they are not usually so high as those of the Callendar-Griffiths 
or double-slide-wire bridge, and by employing a low potential 
supply across the bridge. 

The Mueller bridge commonly employed in laboratory meas¬ 
urements of high precision is shown in Fig. 4-9. Slide-wire S 2 
is used only to make the resistances of the right-hand arms of 
the bridge equal. The method involves switching the resistance- 
bulb leads from one arm of the bridge to the other arm of the 
bridge. The four-wire resistance bulb is used instead of the 
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three-wire resistance bulb as in the Siemens method of lead com¬ 
pensation. In position b, 


Sb ’i" Ri = r Rz 

and in position a, 

Sa “h R2 = r -f- Ri 

and by adding, we get 

Sa “h Sb 

r - 

2 


(4-27) 

(4-28) 

(4-29) 


Therefore, the measurement of resistance, and thereby of tem¬ 
perature, is independent of the resistance of the lead wires, 
whether they are equal or not. 

The switching is accomplished by a commutator with amalga¬ 
mated contacts; the commutator construction is equivalent to a 
three-pole double-throw switch. The bridge resistors are pre¬ 
cision type and the slide-wire is made up of six decades from 
10 to 0,001 ohms. It is important that the temperature of the 
bridge coils or resistors be maintained constant at about 35°C. 
This is done by immersing the coils in a stirred bath or by plac¬ 
ing them in a thermostatic housing. 


Null-Bridge Resistance Thermometers 

The industrial resistance thermometer is a combination of a 
thermometer bulb and measuring circuit, such as those previ¬ 
ously described, and an instrument of the automatic-balance 
potentiometer type. It is apparent that an automatic-balance 
potentiometer instrument composes most of the parts required 
for making an automatic-balance resistance thermometer. The 
instrument for operation with one of the null bridges measures 
the unbalance potential and drives either a slide-wire or a vari¬ 
able capacitor for rebalancing the bridge. Naturally the instru¬ 
ment for a resistance-thermometer system requires no standard 
cell, no standardization, and no reference-junction compen¬ 
sation. 

The system employed by the Leeds & Northrup Company is 
shown schematically in Fig. 4-10. The double-slide-wire d-c 
bridge is used in which both slide-wire contactors are mechan¬ 
ically linked together and operated simultaneously by the bal- 
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ancing mechanism. The gal¬ 
vanometer detects the imbal¬ 
ance of the circuit, and the 
galvanometer deflection is 
sensed by the mechanical- 
type periodic-balancing mech¬ 
anism. Both slide-wire con¬ 
tactors are then moved until 
the balance of the bridge is 
restored. 

The system used in The 
Brown Instrument Company 
resistance thermometer is indicated in Fig. 4-11. The Callendar- 
Griffiths d-c bridge with Siemens three-wire compensation is used. 
Unbalance is detected and 
converted to an a-c signal, 
amplified, and then used to 
drive the reversible motor. 

The mot3r moves the slide- 
wire contactor to restore the 
balance of the bridge. 

The system used by The 
Foxboro Company is shown 
schematically in Fig 4-12. 

The a-c capacitance bridge is 
used in order to obtain the 
advantages of a variable ca¬ 
pacitor for balancing the bridge against resistance variations of 
the thermometer bulb. This instrument uses an a-c potential of 
1000 cps frequency as the bridge supply. The balancing mecha- 
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Fjg. 4-11. Schematic Arrangement— 
The Brown lii.strument Company Re¬ 
sistance Thermometer 


Battery 



Ftg. 4-10. Schematic Arrangement— 
Leeds Northnip Company Resist¬ 
ance Thermometer 
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Fig. 4-12. Schematic Arrangement—The Foxboro Company Resistance 
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Fig. 4-13. Schematic Arrangement— 
C* J. Tagliabue Resistance Ther¬ 
mometer 


nism is almost identical to the system used in the automatic- 
Dalance d-c potential instrument. The unbalance of the bridge 
is an a-c signal to the amplifier which, by means of an amplifier 
and the solenoid motor, moves 
the calibrated air capacitor bo 
balance the bridge. 

The arrangement of the 
C. J. Tagliabue resistance 
thermometer is shown in Fig. 

4-13. The Wheatstone d-c 
bridge is employed with the 
Siemens three-wire compen¬ 
sation. The galvanometer, a 
light mirror with a photocell, 
detects an unbalance of the 
bridge and operates electric 

relays which drive a reversible motor for moving the slide-wire 
contactor and restoring balance in the bridge. 

The system used in The Bristol Company and the Bailey 
Meter Company resistance thermometers is indicated by Fig. 

4-14. The use of Callendar- 
Griffiths a-c bridge allows the 
a-c signal resulting from an 
unbalance of the bridge to be 
amplified and used to drive 
the reversible motor and re¬ 
position the slide-wire 

The potential supply for the 
bridge, either a-c or d-c, is 
one of the important factors 
to consider in the use of any 
resistance thermometer. A 
variation in this potential is 
not serious but docs cause very 
slight static errors and may be the cause of a slight calibration 
drift. The d-c bridge usually employs one of the better types 
of batteries which is replaced periodically. A battery eliminator 
is sometimes preferre^d because it reduces maintenance. The a-c 
bridge derives its potential supply from line power. If variations 



Fig. 4-14. Schematic Arrangement— 
Bailey Meter Company and The Bris¬ 
tol Company Resistance Thermom¬ 
eters 
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in line voltage of more than 10 per cent are present, a con¬ 
stant-voltage transformer of adequate power capacity should be 
used. 

Each lead wire to the resistance-thermometer bulb should be 
made of exactly the same-length and of the same-diameter wire 
so that their total resistance is the same. Then, too, they should 
be run in the same cable through as uniform temperature con¬ 
ditions as are possible. Finally, the largest practical-size copper 
lead wire should be used to obtain a small total resistance of lead 
wire. It should be remembered that with the Siemens three-wire 
system compensation in the null-bridge is not effective if the 
resistance variation of each lead wire is not the same. 

The industrial resistance thermometer is inherently an’accu¬ 
rate and sensitive means of temperature measurement, and the 
points concerning potential supply and lead-wire resistance are 
stressed for that reason only. In most applications these points 
are the source of no difficulty. Ordinarily the temperature span 
of an automatic-balance resistance thermometer may be made 
much smaller than that of the thermocouple potentiometer al¬ 
though there are some exceptions. Temperature spans as low as 
25 or 50®F allow very small temperature changes to be detected, 
and the question of accuracy therefore becomes very important. 

The accuracy of the null-bridge automatic resistance ther¬ 
mometer is generally better than ±0.25 per cent, based on re¬ 
sistance measurement only, that is, without a resistance-ther¬ 
mometer bulb. The root-square accuracy of resistance thermom¬ 
eter and thermometer bulb is ±0.35 per cent. 

The dead zone of the null-bridge resistance thermometer de¬ 
pends on the construction of the balancing mechanism as in the 
automatic potentiometer since they are nearly the same. The 
dead zone is generally between 0.03 and 0.15 per cent of span 
and corresponds to the smallest practical increment of resistance 
that may be measured. 

The manual resistance thermometer is composed of a resist¬ 
ance-thermometer bulb and a manually balanced Wheatstone 
bridge. The instrument includes a d-c galvanometer and there¬ 
fore employs a d-c bridge with a battery supply. In construction 
it is very similar to the manual potentiometer. It may be port- 
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able for use in checking automatic instruments, or it may be per¬ 
manently employed for the manual measurement of temperature. 
Sometimes a large number of resistance-thermometer bulbs are 
used with one manual instrument for determining temperatures 
at a number of locations, as in an air-conditioned building. 
High-precision Wheatstone bridges such as the Mueller bridge 
may be obtained if more precise work is desired. 


Deflectional Resistance Thermometer 

Simple indicators such as r.mbient-temperature thermometers 
and aircraft thermometers employ the deflectional-type circuit 
indicated in Fig. 4-15. The 



Fig, 4-15. Deflectional Resistance 
Thermometer 


circuit is similar to a d-c 
Wheatstone bridge, except 
that there is no adjustable 
resistor for balancing the 
bridge. The unbalance po¬ 
tential of the bridge is used 
as an indication of the change 
of resistance. Therefore, the 
name deflectional is used to 
distinguish i\ie uistrument 
from the null-bridge type. A potential is applied to the bridge 
by the battery and is adjusted by the resistor C, The instrument 
is a type of indicating niillivoltmeter. 

As the resistance of the thermometer bulb r increases, a po¬ 
tential drop" appears at the instrument which is calibrated in 
terms of temperature. The bridge is balanced at some tempera¬ 
ture, usually the temperature at 50 or 75 per cent of span. As¬ 
sume that the bridge is balanced at a temperature corresponding 
to a bulb resistance fb. The potential drops across A and B 
are equal, 


and 


ifiA — ibB 
iaTh == ibB 


(4-30) 

(4-31) 


w!iere 4 is the current through resistor A, and 4 is the current 
through resistor B, Therefore, 

D 


(4-32) 
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When the resistance of the bulb r increases, there will be a potential 
drop across the instrument, which can be found through Kirchhoff’e 
circuit laws, 


e = 



(4-33) 


where e = emf at instrument 

X = 

AD 


Th D A Tb 
- + - + -4--+ 1 
R R R A 


y = A + Tb 
H 

R = internal resistance of instrument 


By inspection of the previous equation it may be seen that, 
when the temperature is at the balance value rb, the emf at the 
instrument is zero. The mechanical zero of the millivoltmeter 
instrument is therefore adjusted to the value of temperature 
corresponding to n. 

The Siemens three-wire compensation is used, and the arms of 
the bridge are made approximately of eq\ial resistance. The ef¬ 
fect of changing lead-wire resistance is therefore reduced to a 
minimum. The fixed resistors of the circuit are made of 
Manganin in order to avoid ambient-temperature effects. The 
heating effect at the resistance-thermometer bulb is reduced by 
selecting high resistances in the bridge circuit and employing a 
small battery voltage. 

Variations of battery voltage produce corresponding varia¬ 
tions in emf at the instrument and result in corresponding er¬ 
rors. It is necessary therefore to readjust the battery voltage 
from time to time to maintain a constant potential at the bridge. 
Foi this reason a good battery producing a relatively constant 
voltage is desirable. Often a battery eliminator is used to sup¬ 
ply the circuit, or in aircraft a regulated d-c supply is employed. 

The deflectional resistance thermometer is nearly always used 
in the low-temperature range between about 0 and 150°F with a 
nickel resistance-thermometer bulb. 

The root-square accuracy of the deflectional resistance ther¬ 
mometer using the industrial millivoltmeter and an industrial 
resistance-thermometer bulb is probably dbl.l per cent of full 
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scale. The dead zone is generally variable^ since it depends on 
the friction in the moving-coil system of the millivoltmeter. 

Problems 

4r-l. A copper resistance-thermometer bulb has a resistance of 12 ohms 
in ice. Find its resistance at 0, 100, and 200®F. 

4-2. In the simple Wheatstone bridge of Fig. 4-5 the resistances A and 
B are 1000 ohms each. The copper bulb of problem 4-1 is used, and the 
temperature being measured is 100°F. The contact resistance at slide- 
wire iS suddenly increases to 0.1 ohm. Find the error in temperature 
reading. 

4-3. In the Cal lend ar-GrifFiths bridge of Fig. 4-6 the resistor A is 1000 
olims and the slide-wire S is 500 ohms resistance. A nickel resistance bulb 
has 300 olims resistance at O^’C. When the resistance thermometer reads 
50 per cent of full scale, the compensation of lead resistance is exact. If 
tlic thermometer calibration is to start at 0®C, what is its span? 

4-4. A null-bridge resistance thermometer of 100 to 300°F range is used 
to measure a temperature of 250‘'F. With a standard resistance-ther¬ 
mometer bulb, what is the mean accuracy in reading? 

4-5. Could the field winding of an electric generator be used to deter¬ 
mine tfic temperature inside the generator? If so, explain how it could 
be done. 

4-6. A platinum resistance-thermometer bulb is to have a resistance of 
30 ohms in ice. What length of wire (diameter 0.004 in.) should be used? 
What is its resistance change from the ice point to the steam point? 

4-7. A deflectional resistance thermometer must have a constant poten¬ 
tial across the bridge. Suggest a means for manually 'Standardizing” the 
battery current. 

4-8. An automatic resistance thermometer h?is a range of 0 to SOO^F 
with a platinum resistance bulb of 100 ohms in ice. It is desired to use a 
nickel resistance bulb 100 ohms in ice. What is the new range of the 
instrument? 

4-9. A deflectional resistance thermometer is arranged to operate with a 
bulb and 10 ft of lead wire. The bulb is relocated at a l(X)0-ft distance 
from the instrument. What changes in the millivoltmeter itself might be 
required? Why? 

4-10. Prove that for a platinum resistance element 
h 1 

\az/ 100 

4-11. Derive equation 4-33. 

4-12. The Callendar four-wire compensation method may be arranged in 
the Wheatstone bridge of Fig. 4-5 by connecting a loop of wire in senes 
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with the slide-wire arm and carrying the loop out to the resistance bulb 
And back without electric connection at the bulb. Derive the equations 
of balance, and determine whether this method of compensation is exact 
at all points of the scale. 

4-13. Refer to Table A-15 (appendix), and derive for silver the value 
of the constants and in equation 4-1. Give the maximum per 

cent error of the etjuation in the ranj^e for which data are available. 



5’ Radiation Temperature 
Measurement 


Temperature measurement made by means of radiation from a 
heated body possesses so many advantages that the radiation 
pyrometer and optical pyrometer have come into wide use in 
recent years. The most important advantages to industrial- 
process operations are that no direct contact is necessary with 
the body at which the temperature is measured and that tem¬ 
perature measurements are relatively independent of the dis¬ 
tance between measuring element and heated body. Further¬ 
more the body may be either moving or stationary, a fact that 
makes the radiation-temperature-measuring device particularly 
adaptable to continuous industrial processing. 

Generally speaking there is no upper temperature to which 
radiation means of measurement are limited. As long as the 
radiation of the heated body is known or can be deduced mathe¬ 
matically, a temperature can theoretically be assigned. The in¬ 
ternational temperature scale is defined above 1945(1063°C) 
by means of an equation for radiant energy for a black body. 
Radiation-temperature-measuring devices are used primarily for 
temperatures above 2000°F in the same range as the platinum 
thermocouple. 

Radiation means of temperature measurement may be used at 
low temperatures as long as a sufficiently sensitive element is 
employed to detect the small amounts of radiation. Industrial 
temperature measurements to as low as 200°F can be made by 
radiation methods—in the range of the expansion thermometer, 
resistance thermometer, and iron-Constantan thermocouple 
pyrometer. 
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Laws of Radiation 

Radiant energy is the energy transmitted in the form of 
electromagnetic waves and is exemplified by radio and radar 
radiation; infrared, light, and ultraviolet radiation; and X-ray 
and gamma-ray radiation. To locate temperature-radiation phe¬ 
nomena in the electromagnetic spectrum, Fig. 5-1 should be 
studied. Radiation transfer of heat takes place in the ultra¬ 
violet, visible, and infrared regions from about ^oo to 100 
microns. 
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Fig. 5-1. Transmission Band of Materials (see also Fig. 6-2) 


Beyond the ultraviolet, that is, at shorter wavelengths, X rays 
and gamma rays are to be found. Below infrared, at longer 
wavelengths, are the familiar Hertzian or radio waves and alter¬ 
nating electric waves. The visible part of the spectrum extends 
from about 0.38 micron (extreme violet) to 0.78 micron (extreme 
red). 

Wavelength of radiation is specified in centimeters. The 
micron (abbreviated /a) is 10“^ cm and the angstrom (abbrevi¬ 
ated A) is 10”® cm. 

A black body is a body that absorbs all radiation falling on 
it without transmitting or reflecting any. In other words, a 
black body radiates energy at all spectral wavelengths at a maxi¬ 
mum rate corresponding to its temperature. The black-body 
concept is important because it is the basis on which radiation 
laws are founded. 

Kirchhoff^s law relates the radiated energy to absorbed energy: 
any body in thermal equilibrium emits as much heat radiation 
as it receives at any given wavelength and temperature. 
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The amount of radiant energy from a black body is given by 
the Stefan-Boltzmann law, 

(5~1) 

where = radiant flux (radiant energy per unit time), ergs per 
second 

<T = Stefan-Boltzmann constant 5.77 X 10“^, erg/(sec) 
(cm^)(deg^) 

A — area of black body, square centimeters 
T = temperature, degrees Kelvin 

This law agrees well with experimental data, thereby providing 
a means for determining quantitatively the amount of radiant 
energy from a black body. This law is often expressed for two 
bodies exchanging radiation, 

^b ==^<rA(T2^ - 7V) (5~2) 

where one body is at a higher temperature T 2 than the other Ti, 
In more convenient form, 

where Q = radiant energy, Btu per hour 
K = radiation constant, 0.172 
A = area, square feet 
T = temperature, degrees Rankine 

The emissive power of a black body at a given wavelength is 
found by Planck’s radiation law, 

Cl 1 

where = spectral radiant flux density, ergs/sec/cm^/0.01 
micron zone 

X = wavelength, centimeters 
e = base natural logarithms 
Cl = 3.740S X 10^ ergs/sec/cm^/0.01 micron zone 
C 2 == 1.4384 centimeter degree 
T = temperature, degrees Kelvin 
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Thus the distribution of energy at various wavelengths of radi¬ 
ation is known, and experimental agreement is good. A plot of 
this equation for several temperatures is given in Fig. 5~2. It 
is apparent that the intensity of radiation varies appreciably 
with wavelength. Also it may be seen that the point of maximum 
radiant intensity shifts to the shorter wavelengths as the tem- 



Waveiength, microns 

Fig. 5-2. Spectral Distribution of Radiant Energy 

perature increases. The point of maximum radiant intensity is 
given by Wien^s displacement law, 

XmT - 2900 (5-5) 

where Am is in microns and T is in degrees Kelvin. Therefore, 
as the temperature of the radiating body increases, the point of 
maximum radiant intensity Am decreases proportionately. This 
is a common phenomenon observed in the change of color of a 
body being heated. A metal gradually heated changes its color 
from red (a long wavelength) to yellow and white as the in¬ 
tensity of radiation increases at the shorter wavelengths* of the 
visible spectrum. 

Two principles are used for the construction of radiation- 
temperature-measuring devices. 



131 


Black-Body Conditions 

First, we may measure the total energy of radiation from a 
heated body and thereby obtain a radiation pyrometer. This 
energy is represented by the area under the curves of Fig. 5-2 
and is given by the Stefan-Boltzmann law. The radiation pyrom¬ 
eter, then, is intended to receive the maximum amount of radiant 
energy at the widest range of wavelengths possible. 

Second, we may measure the spectral radiant intensity of the 
radiated energy from a heated body at a given wavelength. For 
example, if a vertical line is drawm on the graph of Fig. 5-2, the 
variation of intensity with temperature can be found. The 
optical pyrometer is founded on this principle. 

Actually it is difficult to build a practical optical system that 
is responsive either to radiation of all wavelengths or to spectral 
radiation of exactly one wavelength. Therefore a practical radi¬ 
ation pyrometer responds to a wide band of radiation of ap¬ 
proximately 0.1 to 8.0 microns width in the visible and infrared, 
and the actual width of this band depends entirely on the physi¬ 
cal construction of the radiation receiver. An optical pyrometer 
responds to a very narrow band of radiation of 0.01 micron 
width at about 0.65 micron in the red portion of the visible 
spectrum. 

Black-Body Conditions 

The realization of good black-body conditions in practice is 
not difficult; otherwise, radiation methods of temperature meas¬ 
urement would never have become practical. One reason for tliis 
is that the radiation from many types of surfaces and from cer¬ 
tain cavities is almost indistinguishable from black-body ra¬ 
diation. 

Black-body radiation is more generally represented by saying 
that its emissivity is 1,0. Total emissivity e is defined as the 
ratio of the total radiation from a nonblack body to that from a 
geometrically similar black body at the same temperature. 
When the radiation from a body is less than it would be if it were 
a black body, the total emissivity is less than one. Spectral 
emissivity e^ is similar: that is, the ratio of the monochromatic 
radiation of wavelength A from a nonblack body to that from a 
geometrically similar black body at the same ten)perature. 



132 Radiation Temperature Measurement 

The total emissivity of tungsten at 2430®K, for example, is 
about 0.25, which means that tungsten at this temperature radi¬ 
ates only one-quarter the radiation of a black body. The total 
emissivities for many open surfaces is given in Table A-16 
(appendix). The important feature of these data is that open 
oxidized surfaces and open rough surfaces generally have a high 
total emissivity, whereas clean and polished surfaces generally 
have a low total emissivity. Spectral emissivities arc also given 
in Table A-16 (appendix). For example, clean steel has a spec¬ 
tral emissivity of 0.35, but oxidized steel has 0.80. 



Fiq. 5-3. Black-Body Devices 


The Mendenhall wedge and Fery sphere shown in Fig. 5-3 
represent black-body cavities, no matter of what material the 
shapes are constructed so long as they are opaque and at uni¬ 
form temperature. In the wedge, for example, it is seen by the 
geometry of the figure that radiation ^Tays^^ streaming from the 
cavity must be reflected many times. Radiation may originate 
at point 1 and issues from the cavity together with radiation re¬ 
flected at point 1. This latter comes from point 2, where a part 
originates and a part is reflected. The reflected part comes from 
point 3, and so on. After as few as ten reflections, the radiation 
is practically black-body radiation, even if the total emissivity 
of the material is substantially less than one. The Fery sphere 
of Fig. 5-3 is also a black-body cavity, by virtue of the multiple 
reflection of radiation on the inner surfaces. The augmented 
radiation issues from the sphere as black-body radiation, even 
if the total emissivity of the material is low. 

Rough and oxidized open surfaces are nearly perfect black 
bodies. The rough-machined or cast surface can be conceived 
as having a large number of microscopic cavities. Therefore, 
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even if the material was originally of bright clean metal, its 
emissivity is increased by transforming the surface to a rough 
one. Oxidized surfaces are represented in the same manner 
wherein crystals or fine flakes of metal oxides lie on the surface 
in random directions. The coating of surfaces with finely di¬ 
vided metal such as carbon, platinum, or gold perfonns the same 
function in increasing emissivity. Nearly perfect black-body 
surfaces are manufactured by depositing on the surface what 
are known as platinum black 
and gold black, even though 
the emissivity of smooth plat¬ 
inum or gold is very low 
indeed. 

An industrial furnace also 
represents a black-body cav¬ 
ity similar to the Fery sphere, 
and radiation from a heated 
furnace is generally taken as 
that from a black b(»dy, so 
long as there are relatively 
few openings in the fu: '.ace walls, there is no open flame of large 
proportions, and temperatures in the furnace are relatively uni- 
fonn. We may construct a black-body cavity for use wfih a 
furnace or other heating device by inserting in the wall ot the 
furnace a metal or ceramic tube with a closed end. The tube 
will become heated to an average furnace temperature, and 
radiation issuing from the tube will closely approximate that 
of a black body. 

Heated bodies inside a black-body cavity at the same tem¬ 
perature also become black, bodies, whether their emissivity is 
one or less than one The body and cavity of Fig. 5-4 are at 
uniform steady temperature. The body absorbs a part of the 
radiation from the walls of the cavity and reflects the rest. 
That is, 

Q! -f- P 4" T = 1 

where a = absorption factor 
p = reflection factor 
r = transmission factor 



Fig. 5-4. Hoated Body in a Black- 
Body Cavity 
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When the heated body is viewed from the outside of the cavity^ 
the reflected radiant energy is, of course,, seen. By Kirchhoff^s 
law that the total emissivity of a radiating body is equal to its 
absorption coefiicient for black-body radiation, the heated body 
must radiate the same amount of energy that it absorbs; other¬ 
wise, temperature equilibrium would not be established. There¬ 
fore, when the heated body is viewed from outside the cavity, 
the absorbed part of the energy is received as well as the re¬ 
flected part. Since these two parts together are black-body radi¬ 
ation, then a heated body inside a black-body cavity at the same 
temperature produces black-body radiation. By this means met¬ 
als or other heated materials inside an industrial furnace, which 
is for the most part closed and has little or no open flame, may 
be considered black bodies. 

Appearance of radiation from a black body is independent of 
the direction from which the radiant surface is observed. This 
follows from Lambert’s law, which states that the intensity of 
reflected radiation varies approximately with the cosine of the 
angle made with the normal to the surface; for perfectly diffus¬ 
ing surfaces the brightness is therefore constant under all angles 
of observation. This law holds approximately for nonblack- 
body radiation. 

Radiation-Receiving Dements 

The purpose of a suitable radiation-temperature-measuring 
device is to convert the radiant energy from the heated body 
into a sensible indication of temperature. For this conversion 
almost any of the temperature-measuring elements mentioned in 
previous chapters may be used. The thermocouple in the special 
form of a thermopile or a vacuum thermocouple and the resist¬ 
ance thermometer in the special form of a bolometer are in com¬ 
mon use, and even the bimetallic spiral has been used. 

The thermopile used as a radiation receiver is shown in Fig. 
5-5. It consists of a number of thermocouples connected in 
series, the measuring junctions of which have been flattened and 
blackened to provide better absorption of radiation. The ther¬ 
mopile may possess 8 to 16 or even more such measuring junc- 
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tions. The reference junction of the thermopile is located at the 
outer ring where the individual thermocouples are connected. 
The thermopile operates from the radiant energy focused on it. 
The actual rise in temperature of the measuring junction for 
steady-state conditions depends on: 

1. The amount of radiant energy received. 

2. The heat loss by radiation and conduction from the ther¬ 
mopile. 

The thermopile may be calibrated for radiant energy absorbed 
versus emf output, and it may be used with an automatic-balance 
potentiometer in the same manner as a thermocouple. 




Fiq. 6-6. A Vacuum Thermo¬ 
couple 


The vacuum thermocouple is shown in Fig. 5-6 and consists 
of an evacuated glass envelope in wdiieh is supported a single 
thermocouple made from fine wire. The measuring junction of 
the thermocouple carries a receiver of blackened platinum foil 
and is positioned in the center of the glass envelope. The refer¬ 
ence junction is generally located in Uic base of the unit. When 
radiant energy is directed through the glass envelope and strikes 
the thermocouple junction, the temperature of the measuring 
junction is increased over that of the reference junction, and a 
thermal emf appears. The heat loss from the thermocouple by 
conduction and convection is greatly reduced by the use of an 
evacuated envelope and by employing small-diameter thermo¬ 
couple wire. By these means an appreciable temperature rise of 
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the measuring junction and therefore a measurable emf can be 
obtained from a relatively small amount of radiant energy re¬ 
ceived at the measuring junction. 

The bolometer, shown in Fig. 5-7, is a resistance- 
thermometer element, and one form is made from 
a strip of nickel foil about 0.1 micron in thickness, 
about % in. long, and of sufficient width to give 
about 10 ohms resistance. The strip is then 
coated with gold black or platinum black to in¬ 
crease its absorptivity. The rise in temperature 
of the strip depends on the amount of radiant 
energy absorbed and the heat loss by radiation 
and conduction. The resulting change in resist¬ 
ance can be determined by a Wheatstone bridge 
and indicated by a resistance thermometer. 

The photoelectric tube and photoelectric cell are 
also used as radiation-receiving elements. In gen¬ 
eral, these are sensitive only to given portions of 
the spectrum and for this reason are classed with 
optical or partial-radiation pyrometers. Cesium 
oxide photocells sensitive mainly in the short- 
infrared band are often used, the current output of 
the cell varying with the amount of radiant energy 
received. (See photoelectric pyrometers.) 

Radiation Pyrometers 

(The radiation pyrometer, consisting of a radiation-receiving 
element and a potentiometer instrument, has come into relatively 
wide use, because it is able to measure directly the temperature 
of work surfaces in a furnace. It can measure the temperature of 
moving objects, it is less affected by corrosive atmospheres than 
a thermocouple, and it can measure higher temperatures than a 
thermocouple. Probably most important in many applications, 

• however, is its very fast speed of response.) 

The most common type of radiation-receiving unit is shown 
schematically in Fig. 5-8. A lens is used to concentrate the 
radiant energy from the source on the diaphragm and on the 
thermopile (or vacuum thermocouple). Sighting glasses are 
shown in the unit to enable the proper line of sight and proper 
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strip 


Fig. 5 ^ 7 . A 
Bolometer 
(10 times 
size) 
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focus to be established. The position of the lens or the position 
of the diaphragm is usually made adjustable for calibrating pur¬ 
poses. 

The mirror-type radiation receiver is shown in Fig. 5-9. Here 
a diaphragm system togetiier with a mirror is used to focus the 
radiation on a thermopile (or vacuum thermocouple). The lens- 
to-thermopile distance is adjustable for proper focus. This unit 


D^aphragm^^ 



Thermopile (or vacuum 
Z' thermocouple) 

V//li272 Z/ J^ 

^ Sighting 
hole 
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Fio. 5-8. Lens-Type Thermal Radiation Receiver 


has an advantage in having no lens, since lens absorption and 
reflection are avoided. 

Several effects in tiie use of radiation receivers should be con¬ 
sidered. These are ^he reference-junction temperature effect, the 
distance effect, the absorbing-media effect, and the effect of 
emissivity. 



Window-^ diaphragms 

Fig. 5-9. Mirror-Type Thermal Radiation Receiver 


The temperature of the reference junction of the thermocouple 
should be kept substantially constant. The emf generated by 
the radiation receiver depends on the difference in temperature 
of the measuring and reference junctions. The reference junc¬ 
tion is arranged so that it is in close thermal contact with the 
housing of the unit. If the housing temperature rises, the tem¬ 
perature rise of the measuring junction and of reference junction 
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is approximately the same. Thus, if the thermoelectric power 
{dE/dT) of the thermopile is substantially constant, the error 
is small. In measuring low temperatures, the emf of the thermo¬ 
couple is small, and the error is appreciable. In measuring high 
temperatures, the thermocouple emf is large, and the error is 
therefore negligible. 

When the temperature of the housing might rise higher than 
150°F, air or water cooling of the radiation-receiver housing 
should be supplied. This serves to maintain the reference-junc¬ 
tion temperature constant. Most radiation units are arranged 
with a nickel compensating coil shunting the two wires of the 
thermocouple at the reference junction. The change of resist¬ 
ance of the coil with changes in reference-junction temperature 
approximately compensates for the loss of emf. 

The distance from the target surface to the receiver and the 
size of the target area must be considered in installing the radi¬ 
ation unit. With all types of radiation receivers the target area 
must be large enough to fill the field of view; otherwise, insuffi¬ 
cient radiation is received, and a negative static error results. 
The ^'angle'^ of the lens or mirror is usually selected so that the 
target diameter is a given fraction of the distance from target 
to receiver. This target-area factor is generally between 10:1 
and 20:1; that is, the distance from target to receiver should 
not be greater than 10 or 20 times the maximum useful diameter 
of the target. 

The lens-type radiation receiver of Fig. 5-8 is arranged so 
that the image of the target surface is focused on the diaphragm 
opening. This means that the target surface and the diaphragm 
opening should be located at the conjugate foci of the lens; 
otherwise, the image will be out of focus. For this reason an 
adjustment of the position of either the diaphragm or the lens is 
provided. The error is less than ±10°F when the distance from 
target to receiver is equal to the true focal distance plus or minus 
one third. The mirror-type radiation receiver of Fig. 5-9 is ar¬ 
ranged so that the image of the front diaphragm is focused on 
the thermopile by the mirror. Therefore, the measured tempera¬ 
ture is substantially independent of target distance if the field 
of view is filled. 
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Absorbing media at ambient temperature between the target 
and the thermopile reduce the amount of radiation received by 
the thermopile. Such substances as smoke, dirt, and gases ab¬ 
sorb radiation and cause the instrument to read low. On the 
other hand, hot gases, flame, and high-temperature carbon par¬ 
ticles may add to the radiation and cause the instrument to read 
too high. 

Gases such as CO 2 , SO 2 , water vapor, and ammonia have ab¬ 
sorption and radiation bands in the wavelengths useful to the 
radiation receiver. If these media are prevalent, then one re¬ 
course is to use a target tube. Sometimes an open tube which 
is purged with air will keep the line of view free from absorbing 
media. Hot gases and flames in the line of sight should be 
avoided. 

Reradiation by the lens, window, or mirror of the radiation 
receiver may cause a slight error unless the lens, window’^, or 
mirror is maintained at the same temperature as the housing. 
This error is reduced by employing air or water cooling at the 
housing of the radiation receiver so as to stabilize temperature 
conditions within the housing. Undirected radiation falling on 
the walls and other parts of the receiver may disturb radiation 
conditions between walls and thermopile. This effect is reduced 
by blackening the walls and arranging shields and diaphragms 
to reduce intraradiation. Absorption of radiation by lenses or 
windows does not cause an error, providing the radiation receiver 
is calibrated with these in place. The effect is merely to limit 
the response of the receiver to a restricted wavelength band of 
radiation as shown in Fig. 5-1. 

The total emissivity of the target surface is an important fac¬ 
tor in the operation of the radiation receiver. Emissivity of the 
target surface presents two problems. First, black-body condi¬ 
tions are closely approximated in closed furnaces, and the meas¬ 
urement of temperature can usually be made without correc¬ 
tions for emissivity. Second, temperatures of open surfaces such 
as molten metals and hot steel plate cannot be measured accu¬ 
rately unless corrections are made for the low emissivity of such 
surfaces. A target tube is nearly always employed in the meas¬ 
urement of temperature in molten metals or other hot fluids, 
simply because one can never be sure of the emissivity value of 
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these surfaces. Slag and oxides form over the surface of most 
molten metals, and the surface may be at a considerably lower 
temperature than the metal underneath. For open surfaces of 
sheet material such as steel plate and calendaring rolls it is nec¬ 
essary to know the total ei|)issivity before accurate measure¬ 
ments of temperature can be made. When the total emissivity 
of the surface is known, the following method may be used to 
correct the temperature readings. The radiant energy actually 
received by the radiation unit is assumed to be given by the 
Stefan-Boltzmann law and the emissivity of the surface, 

(5~7) 

where e is the total emissivity of the surface. The energy is 
related to the apparent temperature by the same law, 

(5-8) 

where Ta is the apparent temperature and is the temperature 
indicated by the radiation unit sighted on the surface in question. 
The true temperature is then 

T = (5-9) 

For the radiation pyrometers discussed, the correction procedure 
given by cepaation 5-9 is somewhat in error. These pyrometers 
are not total-radiation pyrometers, because the use of the lens 
restricts the response to a given band of wavelengths. There¬ 
fore, the Stcfan-Boltzmann law does not strictly apply. The 
effect of nonblack-body conditions depends on the emissivity ap¬ 
plying to the given wavelength band. The total emissivity ap¬ 
plies to the full wavelength band, and these two emissivities are 
different. Actually the correction is within the limits of error 
with which total emissivities are known. Correction tables for 
each make of radiation pyrometer can be obtained, however. 

The effect of a gray absorbing medium, that is, a medium in 
which the per cent absorption of radiation is more or less equal 
at all wa\elengths, can be calculated. In this case the transmis¬ 
sion factor R merely replaces the total emissivity in equation 5-9 

When the total emissivity of the surface is below about 0.8, 
accurate temperature measurement is difficult because of the un¬ 
certainty in the value of total emissivity. Under these condi- 
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tions it is preferred to calibrate the radiation unit under actual 
operating conditions. A further reason is that, with low total 
emissivity, reflections on the target surface from higher-tempera¬ 
ture surfaces are possible, making the temperature measurement 
more uncertain. 

The static accuracy of the radiation unit calibrated under 
black-body conditions is better than ±0.5 per cent. Under oper¬ 
ating conditions, the errors incurred by ambient-temperature 
fluctuations, the distance and focusing arrangement, the effect 
of absorbing media, and the uncertain total emissivities may in¬ 
crease the static error. 

The response of the radiation unit is extremely advantageous 
and is one reason for its wide use. Generally speaking, the time 
constant of response is approximately a first-order type and 
about 0.01 to 0.02 min in magnitude. The reason for this fast 
response is the small thermal capacitance of the thermopile or 
vacuum thermocouple. 

The target tube for use with the radiation unit is made of 
either a ceramic or a netal such as silicon carbide, sillimanite, 
Inconel, nickel, chrome-nickel wrought iron, or steel. The tube 
forms a black-body target, and the length and diameter are 
proportioned so that multiple reflection brings the total emissiv- 
ity close to one, as in the Mendenhall wedge. The use of a target 
tube introduces a slower speed of response, since the tube itself 
must be heated and cooled by the furnace or heated enclosure 
surrounding the tube. 

The industrial milli^^oltmeter or automatically balanced poten¬ 
tiometer instrument is ordinarily used to measure the emf de¬ 
veloped by the radiation receiver. The receiver may be con¬ 
nected to the instrument with ordinary copper lead wire, be¬ 
cause both the measuring and reference junctions of the thermo¬ 
couple or thermopile are located in the radiation receiver. 

Photoelectric Pyrometers 

The radiation-temperature-measuring instrument operated by 
photoelectric means h: not so widely used as the radiation pyrom¬ 
eter, but its simplicity and convenience are valuable in many in¬ 
dustrial operations. Usually it is employed in the temperature 
range from 1500 to 3000°F. Photoelectric methods possess grea^ 



142 Radiation Temperature Measurement 

advantages in speed, since the response of a photosensitive cell 
to radiation is immediate. 

The relative responses of a photovoltaic (blocking-layer) cell 
and a photocmissive tube are shown in Fig. 5-10. Normally the 
response is limited to the visible red and near infrared by em¬ 
ploying a red filter with the tube or cell. The photovoltaic cell 
directly produces an emf proportional to the amount of radia- 



Fiq. 5-10. Ilesponse of Photoelectric Cells and Black-Body-Radiation 

Intensity 

tion received. The photocmissive tube produces an electron cur¬ 
rent proportional to the amount of radiation received. The re¬ 
sponse of the photovoltaic cell shows a slight hysteresis of little 
importance in temperature measurement and is reasonably stable. 
Since the phototuVjc and photocell are used for infrared radiation, 
it is necessary to insure that the tube or cell does not become 
overheated. 

The receiver shown in Fig. 5-11 ^ is for radiation measure¬ 
ment of temperature. The cone of radiation passing ultimately 

^ B. M. Larsen and W. E. Shenk, ^^Temperature Measurement with Block¬ 
ing Layer Photocells,” Temperature, Its Measurement and Control in Sci^ 
ence and Industry, Reinhold Publishing Corp., 1941, p. 1150. 
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to the photocell is defined by the area of the first diaphragm. 
The protecting window is made of thin glass and serves to pro¬ 
tect the filter and cell from physical damage. The filter is used 
for temperature measurements in the range of 1800 to 2200° F 
in order to reduce the infrared radiation passed to the photocell. 
This helps prevent overheating of the cell. The response of the 
photovoltaic cell when the cell itself is above a temperature of 
about 120°F is unstable, and air or water cooling may be re¬ 
quired. By shunting the cell with an external resistance of 50 
to 300 ohms a potentiometer-type instrument can be used to 


Fig. 5-11. Photoelectric Radiation Receiver 

record the temperatu' ? at the target. At temperatures of about 
2000°F and below, an amplifier may be required, because the 
cell output is too small to operate directly a potentiometer in¬ 
strument. The system is calibrated by comparison to an optical 
pyrometer. Its calibration should be checked frequently, owing 
to gradual changes in characteristics of the cell. 

The advantages of using the photocell receiver are that its 
response is extremely rapid, the unit is simple and rugged, and 
no reference-junction, and compensation problems exist. Its limi¬ 
tations lie in the necessity for maintaining the cell at low tem¬ 
perature and in the inaccuracy caused by changes and drift in 
cell characteristic. Nevertheless, this method is employed in 
measurement of temperatures in open-hearth furnaces and in 
steel-rolling and welding temperatures. 

The photoelectric pyrometer shown in Fig. 5-12 is a product of 
The Brown Instrument Company. It employs the principle of 
automatically matching the radiation from a standard source and 
the radiation from the target surface. The photoemissive vac¬ 
uum tube produces an electron current which is proportional to 
radiation intensity. The lens concentrates radiation from the 





144 Radiation Temperature Measurement 

target surface onto a phototube in the sighting tube. The re¬ 
sponse from the phototube is amplified through a bridge-type cir¬ 
cuit to regulate the current through the standard lamp until the 
current from each phototube matches. A milliammeter (a more 
or less standard industrial millivoltmeter) indicates the current 
through the standard lamp. The use of two identical phototubes 
tends to cancel any changes in their characteristics, and the ac¬ 
curacy of this type of photoelectric pyrometer is therefore rea¬ 
sonably good. 


Millivoltmeter- 
type instrument 



Amplifier and Measuring^/ \Red filter and 

power unit reflector 


Fig. 5-12. Photoelectric Pyrometer—The Brown Instrument Company 

The response of any photoelectric pyrometer is as fast as its 
instrument can be made to operate, since the response of a 
phototube is instantaneous for purposes of temperature measure¬ 
ment. Therefore, this type of pyrometer is especially useful in 
measuring the temperature of fast-moving objects such as are 
found in steel-rolling mills. 

The photoelectric pyrometer operates relatively independent 
of ambient-temiierature changes and is not greatly influenced by 
distance of target surface, so lung as the field of view is com¬ 
pletely filled. It is subject to about the same influence of ab¬ 
sorbing media and low emissivity as is the radiation pyrometer. 

Corrections for transmission factor and emissivity cannot be 
readily calculated and must be determined sepaTately for each 
type of photoelectric pyrometer. The reason is that the instru¬ 
ment is neither a total-radiation pyrometer nor a monochromatic 
optical pyrometer, and neither the Stcfan-Boltzmann law nor 
the Wien radiation law directly applies. In general, corrections 
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for low transmission factor or low emissivity will be less than 
that for the radiation pyrometer. 

Opticcd Pyrometers 

The optical pyrometer is widely employed for accurate meas¬ 
urement of the temperature of furnaces, molten metals, and other 
heated materials. It is primarily used in the range of 1000 to 
5000°F. Most optical pyrometers are manually operated and 
thereby are somewhat limited in their application. 

The optical pyrometer operates with nearly monochromatic 
light. The wavelength is usually a band about 0.01 micron wide 
at 0.65 micron in the red portion of the visible spectrum. The 
principles employed in most optical pyrometers are shown in 
Fig. 5-13. Radiation from the target surface is focused by the 
lens onto a screen. The screen is viewed through a red-filter 
glass so that only wavelengths of about 0.65 micron are seen. 
For comparison a calibrated tungsten lamp is used. Its radiation 
is focused on a screen and also viewed through a red-filter glass. 
The two screens are then compared by eye. As the eye is very 
sensitive to differences in brightness, comparison match of the 
two screens can be made to within 1 per cent. Because of the 
red filter, color blindness of an operator does not affect the 
operation. 

For varying the brightness of the comparison screen image 
there are basically two methods. In the first method, the cur¬ 
rent through the standard lamp is adjusted by changing the value 
of circuit resistance, as shown in Fig. 5-13. The intensity of 
the standard source is thereby varied, and the brightness of the 
standard screen is matched against the brightness of the other 
screen. Calibration for temperature is achieved by calibrating 
either the variable resistance or a milliamraeter measuring the 
current to the lamp. In the second method, the lamp is main¬ 
tained at a constant intensity while the intensity of the un¬ 
known radiation is varied to match the standard source. The 
optical wedge of absorbing material in the upper portion of 
Fig. 5-13 is used for this purpose. As it is moved up and down, 
its variable thickness causes variations in brightness of the 
screen, and the position of the wedge is calibrated for tem¬ 
perature. 
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There are more than nine different combinations of these 
principles used in industrial optical pyrometers, and it will not 
be possible to describe them all. Each kind has its particular 



Fig. 5>-13. Principles Used in Optical P5rrometer 

features and advantages. To illustrate one of these, the Leeds 
& Northrop Company's optical pyrometer is shown schemat¬ 
ically in Fig. 5-14. It uses the variable-intehsity-source metliod 



Fig. 5-14. Schematic Arrangement—Leeds & Northrup Company Optical 

Pyrometer 

with a standard tungsten lamp and a potentiometer-type circuit 
for adjustment and measurement of current. The lens focuses 
the radiation from the target surface on the diaphragm and the 
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lamp filament. The lamp filament appears against a back¬ 
ground of the target surface, as illustrated by the small pictures 
in the diagram. The whole is view^ed through the eyepiece and 
the red filter. In using the pyrometer, the pyrometer tube is 
sighted on the target surface. The current through the standard 
lamp is adjusted by closing swutch S and adjusting the slide- 
wire contactor at B. The pyrometer tube can then be lowered. 
The switch T is next closed, and the slide-wire contactor is 
moved until the galvanometer indicates zero detiection. At this 
point the voltage drop of the lamp current through resistor R 
and the slide-wire shunt is equal to the emf of the standard cell. 
The slide-wdre is generally calibrated directly in terms of tem¬ 
perature. 

The operation of determining a temperature can be made in a 
matter of seconds. The accuracy of measurement is excellent, 
and temperatures in the usual operating range can be determined 
to within about i5.0°F. 

An optical pyrometer (Pyrometer Instrument Company) il¬ 
lustrating the method of varying the intensity from the target 
surface is shown in Fig. 5-15. The lens focuses the radiation 
from tlic target surTace through the photoscreenic wedge and 
onto the upper prism. The standard lamp is located in the line 
of view through the eyepiece and the red filter and appears as 
showm in the small diagrams in the figure. The current through 
the lamp filament is set to a standard value indicated on the 
milliammeter. In operation the pyrometer tube is pointed to- 
w^ard the target surface, and the photoscreenic wedge is rotated 
until a brightness match is obtained. The position of the photo¬ 
screenic wedge is calibrated in terms of temperature. Tempera¬ 
ture readings may be made very quickly. The accuracy of read¬ 
ing is good, considering the simplicity of the instrument. 

Among other types of optical pyrometers, the Wanner polar¬ 
izing type employs the standard lamp at constant intensity, and 
variation in intensity of radiation from the target surface is ac¬ 
complished by polarization; the Foote and Fisher type uses the 
standard lamp at constant intensity and varies the intensity of 
radiation from the target surface by a rotating glass wedge of 
varying thickness; the Fery type also uses a standard lamp at 
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constant intensity and changes the intensity of radiation from 
the target surface by the linear motion of a wedge of black glass. 

There are in general only two factors influencing the use of 
the oi'jtical pyrometer; the effect of absorbing media and the 
spectral emissivity of the target surface. Ambient-temperature 
changes have only a negligible effect on the accuracy of most 
optical pyrometers. Distance between the optical pyrometer 



Fig. 5-15. Schematic Arrangement—Pyrometer Instrument Company 
Optical Pyrometer 

and the target surface has little effect, as long as sufficient target 
area is obtained to fill most of the field of view. The standard 
lamp undergoes a change of calibration of about 1°C in several 
hundred hours of operation, but at high operating temperatures 
it is necessary to replace the lamp more frequently. 

The effect of absorbing media is to lower the reading of the 
optical pyrometer, because the apparent brightness of the target 
surface is lowered by the absorption of radiation by gases, smoke, 
dust, and so on. Water vapor, carbon dioxide, and some other 
gases absorb in the infrared portion of the spectrum and, there¬ 
fore, have little effect on optical-pyrometer readings, as long as 
their density or concentration is relatively small. It is better, 
however, to avoid such conditions if it is possible. In some ap¬ 
plications it is desirable to use an absorbing glass between the 
target surface and the pyrometer either to measure tempera- 
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tures above the range of the instrument or to protect the mech¬ 
anism. If the transmission factor of the absorbing glass at 0.65 
micron wavelengths is known, the correction may be determined 
by using Wien^s law of radiation. This law is a simplification 
of Planck’s radiation law and is 


X® (5~10) 

For the optical pyrometer at 0.65 micron wavelengths the ex¬ 
ponential is large compared to one, and the one in the denomi¬ 
nator of Planck’s radiation law is therefore neglected. The ap¬ 
parent temperature is measured by the optical pyrometer. 


W\ = 


Cl 1 

^C%/\Ta 


(5-11) 


The transmission factor R is 

T 


W\ 


Combining these equations gives 



(5-12; 

(5-13) 


and the correction for any absorbing media is found. These 
corrections can be made more easily by using Table A-17 (ap¬ 
pendix) . 

The influence of spectral emissivity of the target surface on 
the use of the optical pyrometer is the same as for the radia¬ 
tion pyrometer so that the discussion need not be repeated. In 
general, variations of spectral emissivity of surfaces at 0.65 mi¬ 
cron is not quite so large as variation of total emissivity under 
the same conditions. The correction for the optical pyrometer 
is therefore not quite so great. We may investigate the effect 
of spectral emissity e\ less than one by means of Wien’s law, 
because 


W\ 



(5-14) 
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where the prime indicates the spectral intensity of radiation from 
a nonblack body. This equation is the same as that for trans¬ 
mission factor, and the results of equation 5-13 may be used: 

T --- (5-15) 

IX 



Problems 

5-1. Using the Stefan-Boltzmann law, calculate the total radiant energy 
in British thermal units per minute from a black body of 1 sq in. area at 
4000‘’F. 

5-2. A well-oxidized brass thermal well for a thermocouple is used in 
still air. If it is assumed that the speed of response of tiie well is propor¬ 
tional to the radiant energy received, by what factor will its response be 
improved if it is covered with carbon black? 

5-3. A radiation pyrometer has a 20:1 distance factor. The radiation 
receiver is 68 in. from the target surface. What diameter of target surface 
must be used? 

5-4. The lens of a radiation pyrometer is clouded so that the transmis¬ 
sion factor is 0.8. The instrument indicates 2700°F. What is the true 
temperature ? 

5-5. A radiation pyrometer .ughted on the wall of a furnace reads 2300®F. 
When it is sighted into the furnace on a hot metal of low emissivity, it 
reads 2400®F. Is this possible? If so, what could be the cause? If not, 
why? 

5-6. An optical pyrometer sighted on melting platinum reads 2960®F. 
The spectral emissivity is 0.38. What is the static error of the pyrometer? 

5-7. A method of measuring spectral emissivity is to sight an optical 
pyrometer into a crack or cavity in a furnace wall, take a reading, then 
sight onto the wall near the crack, and take another reading. If the first 
reading is ^^“F and the second reading T^®F, what is the emissivity? 

5-8. The temperature of a furnace wall is Ti®F, as determined by an 
optical pyrometer sighted through an absorbing screen. When a second 
screen is used, the instrument reads 7\>°F. Derive a relation for the true 
temperature of the wall and the transmission factor of the absorbing 
screen. 

5-9. A metal of spectral emissivdy 0.8 is at 1500®F inside a furnace and 
can be considered a black body. \The metal and furnace are, of course, 
opaque. If the furnace walls are at' (a) 1500®F (6 ) 2000®F, what t.?mpeiu- 
ture will be indicated by an optical .pyrometer sighted on the metal? 

5-10. Prove that for small values i^f \T Wien’s law and PlanckV law of 
radiation approach each-other in vAluc. What is the difference :.t 0^5 
micron at 1000, 2000, and 3000® F? 
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5-11. Heated billets I ft long pass along a roller conveyer at a velocity V 
fps. The billets are separated by I ft. A radiation pyrometer sighted on 
the billets has a first-order time constant of T sec. Find an expression for 
the maximum temperature indicated. For an allowable error of 5 per cent, 
find an expression for the velocity V. What serious error is involved in 
this measurement? 

5-12. Some radiation pyrometers respond to a sudden target tempera¬ 
ture change along a first-order curve up to 96 to 98 per cent of the final 
value and then gradually drift into balance at a very slow rate. Write a 
brief explanation for this behavior. 



B* Methods for Composition 
Analysis 


One of the greatest advances in instrumentation in the past few 
years is in the application of direct and quantitative methods of 
composition measurement in the continuous-processing industries. 
This has resulted from the requirements of the chemical and 
petroleum industries for continuous analysis of process streams. 
However, even metals and other solids are analyzed and their 
composition determined by automatic means. These newer 
methods are more direct and have greater accuracy and relia¬ 
bility than older methods, which depended on slow or tedious 
chemical analysis or on unreliable temperature and pressure 
data. In addition, the newer methods are much faster and in 
nearly all cases are applicable to continuous processes. 

Composition analyses through atomic or molecular or crystal¬ 
line characteristics constitute positive methods, because atoms 
or molecules arranged in a given configuration uniquely iden¬ 
tify the substance. Thus it is possible to analyze substances 
where the quantity, number, and identity of components are un¬ 
known. 

Composition analyses through such physical characteristics as 
thermal conductivity, specific gravity, and refractive index are 
not positive methods, since some substances or combinations of 
substances produce the same magnitude in the measured physical 
characteristic. Consequently, these means are limited to analy¬ 
sis of combinations in which the composition is limited in extent 
or pattern. 

Composition analysis is also made by special measurement 
techniques such as analyzing hydrogen-ion concentration (pH), 
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amount of moisture in gases (humidity), or amount of moisture 
in solid materials. These methods are, of course, restricted to 
the particular physical characteristic being measured, and they 
depend on the uniqueness of this particular characteristic. 

Many of the measurement techniques ^ used in composition 
analysis are specialized and are not available as yet in the form 
of industrial recording and controlling equipment. Conse¬ 
quently, it is only possible to review a few of the most common 
methods. 

Spectroscopic Analysis 

The rapidly growing importance of spectroscopic methods in 
industrial practice requires that all engineers be familiar with 
the principles and uses of these highly specialized tools of the 
physicist. Actually, the application of spectroscopy to plant 
operation is the closest approach yet made to the problem of 
direct measurement and control of product quality. 

Atomic and molecular spectra serve to identify the funda¬ 
mental properties of different atoms of a substance. Atoms are 
composed of a nucleus, having a net positive electric charge, and 
a relatively large mass, surrounded by a number of negatively 
charged electrons .J small mass. The atomic number of the 
element is determined by tne total number of electrons surround¬ 
ing the nucleus and therefore by the nuclear charge. The atomic 
number varies from one upward, 92 being the highest commonly 
identified. 

The electrons surround the nucleus in so-called shells with a 
discrete number in each shell. The number of electrons in each 
shell is limited, and the energy state of each electron corre¬ 
sponds to a particular configuration of ek'ctrons. If the atom 
is in a ground state, it has ttie lowest possible energy, ancl a 
given electron configuration is determined. If the atom is ex¬ 
cited to a higher-energy state, as by light radiation or any other 
means, the electrons absorj) energy by shifting to a new (-onfig- 
uration. However, the shift in level of the electrons is limited 
to discrete energy ‘^jumps,^’ and therefore only discrete amounts 
of energy can be absoHiect. We n ay consider, for example, that 

^See Anal. Chem , 21, no. 1 (Jan. 1949), First Annual Review of Ana¬ 
lytical Chemistry Funoamental Analysis. 
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an electron jumps from a lev-energy orbit to a higher-energy 
orbit with the absorption of a particular increment of energy. 
The converse is also true; that is, by a radiation of energy from 
the atom, the electrons shift from a higher-energy configuration 
to one of lower energy. Furthermore, since two atoms of differ¬ 
ent elements do not have the same configuration of electrons, it 
may be shown that the change in configuration associated with 
giving or receiving energy is not identical. 

Through spectroscopy the atoms of a substance may be ex¬ 
cited, may change configuration, and will absorb or radiate 
energy at unique frequencies. Therefore, a means is available 


^ 0.2544 M 

t. f LI 

^0.2594 M ^0.2512 M 


Fig. 6-1. Absorption Spectrum of Sodium (starting with the fifth line of 
the principal series) 


for identifying the existence of a particular atom of a sub¬ 
stance. This has been compared to a ^‘fingerprint” in its unique¬ 
ness, although actually it is more individual. 

As an example, suppose that a light beam containing all fre¬ 
quencies is passed through a thin film of sodium and then 
through a refracting prism. The prism breaks the light beam 
into a spectrum which can be recorded on a photographic plate. 
A portion of such a spectrum is showm in Fig. 6-1. Notice that 
several lines indicate that certain frequencies are now missing 
from the light, having been absorbed by the sodium. Each of 
these frequencies corresponds to particular changes of energy 
level within the atom. Thus, any compound containing sodium 
will produce these particular lines in an absorption spectrum. 

Line spectra are caused by emission or absorption by atoms of 
discrete wavelengths of radiation, thus causing lines. If, how¬ 
ever, we obtain an absorption spectrum from a molecule or a 
molecular compound, a band spectrum is observed. That is, 
many different wavelengths are absorbed but in varying degree. 
Thus a plot of radiation intensity versus wavelength would re¬ 
veal a curve with alternate peaks and valleys having many dif¬ 
ferent slopes. 
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Absorption spectroscopy is illustrated in the previous exam¬ 
ple; that is, when infrared, ultraviolet, or X-ray radiation is 
passed through the sample of unknown material, certain fre¬ 
quencies of the radiation are absorbed. This is determined by 
separating the radiation into a spectrum and measuring the in¬ 
tensity of radiation at each frequency. Absorption lines are dark 
lines on a light background on a photographic negative. 

Emission spectroscopy is accomplished by placing the sample 
of unknown substance in a flame or in an arc. This causes emis¬ 
sion of radiation which is characteristic of each substance. By 
collecting the emitted radiation and separating it by refraction 
or diffraction, the intensity of radiation at each frequency can 
be measured. An emission spectrum for an element is very 
similar to that of Fig. 6-1, except, of course, that each line indi¬ 
cates an emitted frequency, not an absorbed frequency. Emis¬ 
sion lines are bright lines on a dark background on a photo¬ 
graphic negative. 

Fluorescence spectroscopy, actually a form of emission spec¬ 
troscopy, employs the photoluminescence or fluorescence that re¬ 
sults from excitation of a substance by absorption of light. Tliis 
excitation causes an emission of light which, by measurement of 
its spectral distriN ition, can be related to the composition of 
the substance. This metLid of analysis is commonly employed 
in determination of vitamin content and in analysis of some 
pharmaceutical compounds. It is of course necessary that the 
substance being analyzed be capable of fluorescence. 

Mass spectroscopy is yet another means of identifying sub¬ 
stances. In this naethod a sample of tne unknown substance, 
usually a vapor or gas, is bombarded by an electron beam in an 
evacuated chamber. The bombardment produces ions by 
'^knocking off’^ an electron from each of the various kinds of 
atoms present in the substance. These ions are then accelerated 
into a circular path, the radius of which varies with the mass of 
the ions. Thereby the ions are sorted into beams. By simply 
measuring the strength of each beam, all the various kinds of 
atoms can be counted and identified, thereby enabling the com¬ 
position of the substance to be found. Since each different sub¬ 
stance is composed of different quantities and kinds of atoms, 
the identification m positive. 
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Absorption and emission spectrometers, as they are termed in 
this book, are caUed variously spectrophotometers, photometers, 
and spectrographs. Spectrometers are classed by several meth¬ 
ods. First, they may be classed by the wavelength of radia¬ 
tion employed: for example, infrared, visible band, ultraviolet, 
and X ray. Second, they may be distinguished by the means 
of producing radiation: that is, absorption or emission. Third, 
they are classed the method used to separate the beam, as 
in prism (refracting) spectrometers and grating (diffracting) 
spectrometers. 

Absorption Spectroscopy 

Infrared-absorption spectrometers operate from radiatfon in 
the range from 1 to 25 microns w^avelengtli (see Fig. 6-2), the 
band usually called heat radiation. Infrared spectrometers are 
useful in analysis ot almost all substances.^ In petroleum re¬ 
fining and synthetic-rubber production they can be used for 
analysis of hydrocarbons and gases. In pharmaceutical work, 
such as penicillin production, they arc used fv)r determining struc¬ 
ture. In chemical plants they are used for analyzing both or¬ 
ganic and inorganic compounds. 

An infrared spectrometer (The Perkin-Elmer Corporation) is 
shown schematically in Fig. 6-3, Similar devices are made by 
National Technical Laboratories (Beckman); Baird Associates; 
The Gaertner Instrument Company; and others. With reference 
to the figure, the infrared radiation is provided by an electri¬ 
cally heated resistor (the source). The beam passes to a mirror, 
then to a parabolic mirror, and, after passing through the sample 
cell, falls on slit 1. The sample cell contains the unknown sub¬ 
stance. Slit 1 simply serves to form a beam of very narrow 
width. The beam then passes to the collimating mirror, w^here it 
is rendered parallel, and then through the prism, where it is 
refracted. The wavelength mirror reflects the beam back through 
the prism, where it is once more refracted. The beam is next re¬ 
flected by the collimating mirror to a plane mirror and then to 
slit 2. The beam is finally reflected to the thermocouple, where 
the beam intensity is measured. 

aSse V. Z. Williams, “Infrared Instrumentation and Techniques,” Rev. 
Sci. JnstrumenU, no. 3 (Mar. 1948). 
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trometers (see also Fig. 5-1) 
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Fig. 6-3. Optical System—TTie Perkin-EImer Corporation Infrared Spec¬ 
trometer 
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The wavelength of the infrared radiation which is passed to the 
thermocouple is determined by the angle of setting of the wave¬ 
length mirror, since this mirror reflects tne refracted beam and 
governs which part of the beam falls on slit 2. Thus, by slowly 
rotating the wavelength mirror, wavelength spectrum can be 
scanned. The thermocouple will measure the intensity of the 
beam at each wavelength. 

As to constructional details, the infrared source provides ap¬ 
proximately black-body radiation at lOOO^^C, and the source is 
controlled by a constant power input. The prisms are available 
in four materials: 

Useful for 

Litliium fluoride 1.0 to 5.5 microns 

Calcium fluoride 2 0 to 8.5 microns 

Sodium chloride 3.0 to 15.0 microns 

Potassium bromide 15.0 to 26.0 microns 

The selection of the prism is determined by the wavelength range 
most adaptable to the substance under analysis. A temperature 
compensator (not shown in Fig. 6-3) employs a mirror posi¬ 
tioned by a bimetallic strip to correct for the temperature coef¬ 
ficient of refractive index of the prism. The thermocouple is 
bismuth-bismuth tin, and it is enclosed in a highly evacuated 
housing having a potassium bromide window. An ordinary auto¬ 
matic-balance potentiometer is used to record spectrographic 
data. 

The Baird Associates infrared spectrophotometer employs a 
compensating cell, so that the transmission of the sample sub¬ 
stance is directly compared to the transmission of a “pure"' sub¬ 
stance contained in the compensating cell. Differential analysis 
of this kind is particularly adapted to analysis of slight impuri¬ 
ties or slight variations from desired concentrations. By leaving 
the compensating cell empty, ordinary spectroscopic measure¬ 
ments are made. 

A typical spectrogram of pure caHion disulfide is shown in 
Fig. 6-4. Note that carbon disulfide absorbs particularly at 
about 4.4, 4.6, 6.4, 7.0, and 11.6 microns wavelength. This dia¬ 
gram is unique in pattern and would not be produced by any 
other substance; e\en different r'oncentrations of carbon disulfide 
in other licjuids would not )>roduce the same diagram. 
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Fio. 6-4. Infrared Spectrogram of Pure Carbon Disulfide {Courtesy Baird 

Associates) 


The concentration of various components of the sample sub-* 
stance can be determined from the amount of absorption at any 
wavelength. The basis of this determination is Beer’s law: 

1 h 

C = — logic 7 (6-1) 

OtX lx 

where C = concentration of substance 

a = absorption factor of substance 
X = thickness of sample (along optical path) 

/o = intensity beam before sample 
IX = intensity beam after sample 

The constants in the foregoing equation are a, t, and /q. These 
are found by a trial calibration of the spectrometer, using a 
known sample of a substance with a known concentration. Thus, 
the concentration may be determined at any one wavelength in 
the spectrogram. In Fig. 6-4, for example, suppose the carbon 
disulfide contained a dissolved liquid which was transparent in 
the infrared. Then, at 0 per cent concentration of carbon disul¬ 
fide, a continuous line at 100 per cent would be obtained in the 
spectrogram. At 100 per cent concentration of carbon disulfide 
the spectrogram of Fig. 6-4 is obtained. Therefore, at inter¬ 
mediate concentrations, the transmission reading at any wave¬ 
length would lie between these two values. If the liquid (or 
liquids) in solution is not transparent, then it is only necessary 
to select one wavelength at which the liquid does not absorb, and 
the concentration can be calculated. In some cases this cannot 
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be done or is not feasible, and calculations involving all com¬ 
ponents must be made. 

Not only can analysis be made by studying a complete spectro¬ 
gram, but also, as is evident from Beer’s law, it is possible to 
perform continuous analysis by operating the spectrometer at 
one wavelength. This w^avelength can be selected so that the 
particular analysis performed is the most sensitive. The sample 
cell of the spectrometer is then arranged for continuous flow of 
the unknown fluid. The Baird Associates gas analyzer is an 



gas.. 

Fia. 6-5. Schematic Airangemont-Baird Associates Infrared Gas Analyzer 

example of tliis method (see Fig. 6-5). The gas absorbs at a 
particular wavelength, which is passed by the upper filter but 
not by the lower filter. The amount of radiation obtained by 
each bolometer then depends on the concentration of the ab¬ 
sorbing gas. This simple method can be used for a wide variety 
of gases, except such as oxygen, hydrogen, and nitrogen that do 
not absorb in the infrared region. Very similar devices of simple 
construction can also be employed for liquids. 

Ultraviolet-absorption spectrometers operate in the range from 
0.2 to 0.8 micron, wliich actually includes the visible band. In- 
sLrumentfc of this type arc widely used for nearly all types of 
anal>oie. Dcbrniinaticais for vitamin components, for benzene 
and toliK ue in petroleum distillates, for butadiene in saturated 
hydrocarbons, for ethylene and carbonyl compounds, and for 
polyunsaturates in fatty acids are miscellaneous examples. 

The National Technical Laboratories (Beckman) photoelec¬ 
tric (juartz spectrometer, although it can be made to operate 
from 0.2 micron in the ultraviolet to 2.0 microns in the infrared, 
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is usually termed an ultraviolet-absorption spectrometer. The 
Applied Physics Corporation also makes a spectrometer of this 
type operating in the range 0>2 to 0.8 micron. The optical path 
of the Beckman spectrometer is shown in Fig. 6-6. An image 
of the light source is focused by the condensing mirror and by the 
flat mirror on the entrance slit. The portion of the spectrum 
passing through the exit slit then passes through the sample cell 
and falls on the phototube. The intensity of the beam is meas¬ 
ured by a suitable amplifier connected to an automatic-balance 



mirror 

Fig. G-6. Optical System - FTational Technical Laboratories (Beckman) 
Ultraviolet Spectrometer 

potentiometer instrument. The particular wavelength passed 
through the sample cell is determined by the angle of setting of 
the pri>ra. The angle of the prism determines which part of the 
refracted beam falls on the exit slit. 

The source is a tungsten lamp for use in the (visible) region 
Irom 0 3 (o FO microns and is a hydrogen-discharge lamp for 
use in the ultraviolet region from 0.22 to 0.35 micron. Other 
sources are also available. A quartz prism is employed. A 
blue (ultraviolet )-sensitive phototube is used for the 0.2- to 0.65- 
micron regiorp and a red (infrared)-sensitive phototube is se¬ 
lected for the 0.6- to 1.0-micron region. The sample cell can be 
arranged for continuous flow of gas and liquid samples. 

Ultraviolet-absorption spectroscopy is otherwise similar to in¬ 
frared spectroscopy. The instrument ma}^ be used eitluT for 
complete analysis of samples by running a complete spectrogram 
or for continuous analysis of process streams by operating at a 
fixed w^avelength critical to the analysis being made. 

X-ray-absorption spectrometers can also be employed for com¬ 
position, analysis of solids, liquids, and gases. Typical examples 
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are the measurement of sulfur content of oil, lead content of gas¬ 
oline, metal content of glass, halogen content of plastics, ash 
content of coal, and filler content of wood and rubber. 

The General Electric X-ray spectrometer is an example of one 
type of instrument. The source of radiation is an X-ray tube 
providing a wavelength range from 0.4 to 1.5 A. Two beams are 
taken from the source; one beam passes through a sample cell to 
a fluorescent screen. The other beam passes through a variable- 
thickness aluminum attenuator and then through a second sam¬ 
ple cell to the same fluorescent screen. An amplifier is used to 
measure the difference in intensity of the two beams, and the 
aluminum attenuator is adjusted until the two beams have the 
same intensity. Thus, the difference in absorption of the two 
samples can be expressed in terms of the thickness of aluminum. 
By trial calibration, the thickness of aluminum can be related 
to the content of critical component. 

Emission Spectroscopy 

The emission spectrometer can be employed for analysis of 
metallic compounds. In fact, emission spectroscopy led to the 
discovery of cesium and rubidium. Arc-type emission spectrom¬ 
eters are used for magnesium, aluminum, and steel analyses. 
The flame-type emission spectrometer can be used for analysis 
of inorganic compounds containing sodium and potassium, and 
other elements such as boron, calcium, cesium, cobalt, copper, 
iron, lithium, magnesium, manganese, and nickel. 

The emission spectrometer of the Applied Research Labora¬ 
tories and the Harry W. Dietert Company employs an arc spark 
for producing radiation emission and a grating fo^ diffraction. 
The latter is used for diffraction of the emitted radiation into a 
spectrum. The intensity of the radiation at various wavelengths 
in the ultraviolet region of about 800 to 2500 A is measured by 
a multiplier phototube to operate a direct-reading instrument. 
(Baird Associates also makes a grating-type emission spec¬ 
trometer.) 

The flame spectrometer of the Perkin-Elmer Corporation is a 
small compact instrument, specifically adapted to measurement 
of concentrations of sodium or potassium between about 15 and 
1000 ppm. Its usefulness lies in soil, water, and clinical analy- 
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sis. This instrument operates by atomizing an aqueous solution 
and introducing it into a burner. A lens system then concen¬ 
trates the emitted light through filters on a phototube. An 
amplifier operates an indicating instrument to indicate concen¬ 
trations. Calibration is made by running several known so¬ 
lutions. 

A flame photometer attachment may be used with the Na¬ 
tional Technical Laboratories (Beckman) spectiometer previ¬ 
ously discussed. Spectral lines of various elements from 2800 to 
8500 A in the visible region may be selected for analysis. The 
equipment consists of an atomizing sprayer for introducing the 
solution into the illuminating gas and oxygen flame. The image 
of the flame is then focused on the entrance slit of che spec¬ 
trometer shown by Fig. 6-6, and the spectral-line intensity ia 
measured by the phototube, amplifier, and recording instrument. 

Since emission spectroscopy is mainly employed in analysis 
of elements, the rneasuiemcnts are made of intensity of spectral 
lines. In many applications, it is sufficient to measure the in¬ 
tensity of a particular line, and by empirical calibration the in¬ 
tensity of the line is }. loportional to the concentration of the 
element in the solution. For complete analysis of substances, it 
becomes necessary to record the complete spectrum and, by 
analysis of the wavelength and intensity of many lines, deter¬ 
mine the concentration of unknowns. 

Fluorescence (emission) spectrometers arc useful in analysis 
of some pharmaceuticals and vitamin compounds where it is 
necessary to avoid photochemical deterioration. For example, 
light of sufficiently strong intensity will oreak down riboflavin. 
Briefly, the substance is irradiated witli light of desired wave¬ 
length, and the absorbed en(‘rgy causes the substance to emit 
(fluoresce) radiation at wavelengths i)eculiar to the substance. 
By measuring the intensity of this radiation the concentration of 
components in the substance can be identified. 

The National Technical Laboratories (Beckman) ultraviolet 
spectrometer previously de-erii;cd can be used for such analyses 
by adding an accessory set (d equipment. TIh' North American 
Philips Company, fiuorescencc-analysis unit operates from an 
X-ray source and is useful in quantitative analysis of elemental 
components of metals and alloys. It is adaptable for measure- 
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merits of elements from titanium (no. 22) through tin (no. 50). 
It operates by exposing the substance to X rays^ and fluorescence 
of the element as X rays of various wavelengths can be meas¬ 
ured. Tlie fluoresced rays then pass through a collimating sys¬ 
tem to a crystal, wliore individual rays at various wavelengths 
are diffracted at specifle angles by the atomic planes of the crys¬ 
tal The cone of diffracted rays is then measured by a Geiger 
counter, and a spectrum is recorded. Calibration is made by 
suitable standards. 

Moss Spectroscopy 

The mass spectrometer is most useful in analyzing alinhatic 
and cyclic hydrocarbon compounds, such as those produced in 
aviation-gasoline and synthetic-rubber manufacture. In petro¬ 
leum refining, light gases, olefins, paraffins, wet gas, propylene, 
and so on can be analyzed. In chemical manufacturing, liquid 
and gaseous pharmaceuticals, organic compounds having ade¬ 
quate vapor pressure, and inorganic gases and vapors may be 
analyzed. 

The Consolidated Engineering Corporation mass spectrometer 
which is typical is shown schematically in Fig. 6-7. (Westing- 
house Corporation and General Electric Company also produce 
mass spectrometers.) The sample in a gas or vapor state at 
about 40 microns Hg absolute pressure is introduced to the 
ionization chfimber. The pressure in the ionization chamber and 
tube assembly is maintained even lower by a vacuum pump. 
The gas is bombarded by an electron beam from the filament in 
the chamber. The gas (or vapor) is transformed into ions, neu¬ 
tral fragments, and electrons. The electrons are collected at the 
plate in the ionization chamber. The neutral fragments are 
pumped out of the system. The ions, being positively charged, 
arc attracted toward the two slits by the field caused by the 
electric potential of the slit pieces. The ions are accelerated 
through both slits and are formed into a parallel beam. Since 
the circular tube lies in a magnetic field of fixed direction, the 
ion beam is made to deflect in a circular path, the radius of which 
depends on the mass and the velocity of the ion. Thus, several 
beams are formed, each consisting of ions of a specific mass. The 
beam to strike the collector can be selected by varying the ac- 
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celerating voltage at the two slits. The charges given to the 
collector plate by the ions are amplified and recorded by a d-c 
potential instrument. By automatically varjdng the accelerating 
voltage, a spectrum of ion beam intensity versus ion mass is 
recorded. 

The analysis of the spectrum results in the determination of 
the composition of the gas or vapor. The spectrum is compared 



Fig. G-7. Sciiematic Arrangement—Consolidated Engineering Corporation 
Mass Spectrometer 


to the spectrum of a pure substance, and mole fractions of the 
components are obtained by direct proportion. When there is no 
mass peak in the spectrum for a component in question, then 
simultaneous algebraic equations must be used. For this anal¬ 
ysis electric computers can be employed. 

The mass spectrometer can separate masses differing by one 
part in 300 and, in some cases, those differing by one part in 
1200. Thus, one use of the mass spectrometer is in analyzing 
for isotopes. An advantage of the mass spectrometer is that it 
can be employed for analyses using extremely small samples, and 
thus it is useful in microchemistry. 

Analysis of Solids by X-Roy DiRraction 

In many crystalline and amorphous solids the atoms of each 
element of the substance lie in regular spacings and form a so- 
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called space lattice. If X-ray radiation of one frequency (mono- 
chromatic) is directed into a small sample of the solid at a speci¬ 
fied angle, the radiation emerges from the solid in several beams, 
because some of the radiation is reflected in a given direction by 
certain rows (planes) of atoms, and some is reflected in an¬ 
other direction by other rows (planes). Therefore, a photograph 
of the diffracted beams will indicate certain arrangement and 
spacing of the atoms of the substance. Figure G-8 illustrates the 
concentric circle pattcan of these diftraided beams. The X-ray- 
diffraction })attern is unique for any solid Ix'caust' the arrange¬ 
ment and sj)aeiug (»t tlu' atoms in the molecule and the molecules 



Fig. C-3. An X-Ray-DilTraction Pattoni 


in the crystal are different for different solids. Liquids and 
gases cannot be analyzed by X-ra\-difl'raction methods, since 
they usually do not have a lattice arrangement of atoms and 
molecukis at ordinary temperatures and pressures. X-ray dif¬ 
fraction is useful in analysis such as control of dyes and fillers 
in rubber, selection of manganese ores in battery manufacture, 
and selection of particle size of clay used in ceramics. 

The North American Philips Company X-ray-diffraction in¬ 
strument employs a CJeiger counter to count X-ray radiation 
diffracted at the specimen. The diffraction cone is scanned by 
rotating the counter tube across the cone. The counter tube is 
connected through an amplifier, and the beam intensity versus 
dimensional spacing can be recorded by a potentiometer-type 
instrument. Analysis of the diffraction pattern (recorded in a 
spectrum-like manner) is made by reference to patterns ob¬ 
tained from pure substances. The concentration of components 
is then calculated by simple proportion. 

Color Measurement by Spectrometers 

Spectrometers employed in the visible band are mainly useful 
for color control of plastics, paints, dyes, ceramics, and so on. 
For translucent materials such as colored liquids and glasses, tho 
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usual ultraviolet-absorption spectrometer can be arranged to 
measure the intensity of light absorbed or transmitted at various 
wavelengths in the visible region from 0.4 micron (violet) to 
0.7 micron (red). The spectrogram would therefore indicate the 
transmittance in per cent at each wavelength when the substance 
in question is irradiated by white light. 

For opaque materials such as plastics, pow^dered pigments, 
and paper, it becomes necessary to measure the reflectance of the 
surface. The General Electric Company spectrometer is specifi¬ 
cally adapted to measure the color of reflected light, but it can 
also be used for measuring transmitted light. This instrument 
employs a projection lamp as a source. The beam of white light 
is then passed through a collimating lens to a double prism, 
where it is refracted through a slit to a second prism and then 
into an integrating sphere. The reflectance is measured by a 
phototube and recorded. The integrating sphere is arranged so 
that the sample may be compared to a standard (or to another 
sample for dififerential comparison) and so that the spectral or 
gloss component may be included or excluded. The gloss of 
surfaces is caused by the light being reflected in a beam as by 
a mirror. 

A diffuse reflectance attachment is available for use with the 
National Technical Laboratories (Beckman) ultraviolet-absorp¬ 
tion spectrometer, which of course is operated in the visible 
band. This attachment is arranged to direct the monochromatic 
beam of light from the exit slit (see Fig. 6-6) down on the sample 
which replaces the sample cell. The rays leave the surface at 
about 45° angle and are focused on a diffusing screen. A photo¬ 
tube is used to measure the intensity of the beam on the screen. 
An instrument of this type measures the diffuse reflectance over a 
narrow range of angle of reflection and does not produce the 
same reading as the instrument above, in which an integrating 
sphere is used to measure the reflectance over a wide angle. 
Consequently, in color specifications it is often necessary to 
identify the instrument on w^hich desired specifications are based. 

With such instruments the color of reflecting surfaces and 
transmitting materials can be explicitly specified by measuring 
the intensity at each wavelength. For critical color specification 
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as in paints and dyes, the human eye is not reliable. For ex¬ 
ample, Fig. 6~9 shows the spectral distribution of a color that 
would probably be identified by the eye as apple green. 
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Fig. 5-9. Spectral-Energy Distribution of a Green Color 

Gas Analysis by Thermal Conductivity 

Methods for determining quantitatively the composition of 
gases in a mixture are important in all kinds of industrial oper¬ 
ations, Thermal-conductivity measurement is very commonly 
employed in carbon dioxide recorders for combustion control. 
It is also used for determining the amount of hydrogen in nitro¬ 
gen, air, and oxygen, and for determination of ammonia, sulfur 
dioxide, hydrocarbons, carbon monoxide, hydrogen sulfide, and 
argon. In addition, it is used infrequently for determining the 
amount of water vapor in air (humidity measurement). 

Thermal-conductivity determination of efficiency of combus¬ 
tion of fuels is a very common application. In such cases it is 
not always necessary to know the exact quantity of each com¬ 
ponent, such as carbon dioxide, carbon monoxide, nitrogen, and 
hydrogen. Often the instrument can be calibrated directly in 
terms of fuel-air mixture for proper combustion, in terms of 
reducing-oxidizing effect, or even in terms of oxygen excess or 
deficiency. Carbon dioxide., meters (thermal-conductivity type) 
often are used in this manner, simply indicating an arbitrary 
per cent of carbon dioxide which produces efficient combustion. 

Thermal-conductivity measurement is a very simple means of 
analyzing certain gas mixtures. For example, a mixture of hy- 
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drogen and dry air produces a relative thermal conductivity from 
1.0 for 100 per cent air to about 6.98 for 100 per cent hydrogen. 
Therefore, thermal conductivity of the mixture of two gases can 
be related to the concentration of each component. It is appar¬ 
ent that, in a mixture of more than two gases, thermal conductiv¬ 
ity is a measure of concentration of two components only if all 
other components are constant in 
amount. Thus, the use of thermal 
conductivity for gas analysis does 
not necessarily distinguish selectively 
among various components. 

It is assumed that water vapor in 
a gas mixture is counted as one 
component. Thereby, a mixture of 
oxygen, water vapor, and hydrogen 
would have three components. In 
thermal-conductivity measurement 
of multicomponent mixtures where 
one component is water vapor, the 
amount of water vapor must be con¬ 
stant. This is usualV accomplished 
by either drying the gas by desicca¬ 
tion before measurement or by sat¬ 
urating the gas with a wet wick 
before measurement. Either method 
requires some maintenance to insure 
constant conditions. Also it is usu¬ 
ally assumed that the thermal con- Thermal-Conduc- 

ductivity uf a gas mixture is a linear **'^*‘y 
function of the thermal conductivity 

and concentration of each component. However, this is not a 
valid assumption for such mixtures as air-water, air-ammonia, 
and air-butane, which do not combine linearly. 

A thermal-conductivity ceil (Leeds & Northrup Company) 
is shown in Fig. 6-10. The unit is constructed of glass. The 
right-hand tube contains a platinum filament held under constant 
tension by a spring. The filament and spring are glass-coated. 
The gas flow occurs at a constant rate by natural convection 
through the filament cell. When a current flows through the 



Continuous 
gas flow 
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filament, the heating and consequent temperature rise of the 
filament depend on the rate at which heat is conducted away 
from the filament. This depends mainly on the thermal conduc¬ 
tivity of the gas. Thermal-conductivity cells by the Gow-Mac 
Instrument Company and the Davis Emergency Equipment 
Company employ similar principles but are embodied in a metal 
cell block. 

A simple bridge circuit is used with the thermal-conductivity 
cell, as shown in Fig. 6-11. Either a-c or d-c potential supply is 

used, and the bridge may be 
employed in a deflectional- 
potentiometer system. An au¬ 
tomatic-balance Wheatstone- 
bridge system is also used. 
The reference rell may be 
sealed with a gas such as dry 
air or saturated air or any 
other gas desired for refer¬ 
ence. It is important that 
both cells be subjected to 
the same ambient-tempera¬ 
ture conditions, so that the only difference measured in the bridge 
is that due to the differing thermal conductivity of the reference 
gas and the measured gas. 

There are several methods of using thermal-conductivity cells 
other than the simple one of Fig. 6-11. For differential measure¬ 
ment of one component in a multicomponent mixture, it is pos¬ 
sible to pass the gas through the measuring cell, then through a 
reactor or absorber to remove one component, and then through 
the reference cell. This method increases the selectivity and ac¬ 
curacy of measurement. Another common method is to employ 
two measuring cells in opposite legs of the bridge and two refer¬ 
ence cells in the other legs of the bridge. This method also in¬ 
creases the accuracy of measurement where the changes in ther¬ 
mal conductivity are small. 

Anexlysis of Moisture in Gases (Humidity) 

Gases always contain a greater or lesser quantity of liquid 
vapor. Air, for example, contains water vapor. The part of the 



Fig. 6-11, Thermal-Conductivity Re¬ 
sistance Bridge 
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total gas pressure exerted by the vapor is, of course, the vapor 
pressure. 

The definitions of terms for Immidity are often contradictory 
in current engineering use. The following arc patterned after the 
ASA definitions: 

1. Absolute humidity H —weight of vapor per unit of weiglit 
of dry gas. 

2. Specific humidity //«—weight of vapor per unit of weight of 
mixture. 

3. Density of water vapor pn —weight of vapor per unit of 
volume of space. This is identical with the weight of water 
vapor per unit of volume of dry gas. Sometimes this may also 
be termed absolute humidity. 

4. Relative humidity Ur —ratio of an actual partial pressure 
of vapor in the gas to the saturation partial j)ressure. If the 
vapor is considered an ideal gas, this is identical with the ratio 
of the density of vapor pn to the density of vapor at satura¬ 
tion ps. 

The calculation of humidity is accomplished through the ideal- 
gas law and by the neca'ssary assumption that the mixture of the 
gas and vapor is an .deal gas. The partial })ressure of one of 
tlie constituents of a mixture is the ju’essure that would exist if 
that constituent alone occu})ied the volume of the mixture at the 
same temperature. Thus, 
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where W = weight of constituent 

p = absolute partial pressure of constituent 
V == volume 

T = absolute temperature 
R = gas constant for a given gas 

The absolute humidity :s, therefore, 
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The density of water vapor is 
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The relative humidity is 
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The value of saturation pressure may be found in the steam 
tables. Further relationships between absolute, specific, and 
relative humidities can be found from a psychrometric chart 
or table. 

The deio point is the saturation temperature of the mixture at 
the corresponding vapor pressure. If the gas is cooled at con¬ 
stant pressure to the dew point, condensation of vapor will begin. 
The relation between these quantities is ordinarily found from 
a psychrometric Jiart. Also formulas relating these quantities 
can be used. 

The dry-bulb-wet-bulb temperatures are sufficient to deter¬ 
mine humidity of a gas mixture. The dry-bulb temperature is 
the temperature of the gas mixture as measured by an ordinary 
temperature-measuring element such as a thermometer. The 
wet-bulb temperature is measured by a thermometer in which 
the bulb is covered by a wick fully wet wdth the same liquid 
existing in the vapor phase in the mixture. For air, the wet-bulb 
wick would be wetted by water. 

The difference between dry-bulb temperature and wet-bulb 
temperature is called the w^et-bulb depression. By means of a 
psychrometric chart, the absolute humidity, relative humidity, 
and dew point can be determined from the dry-bulb and wet- 
bulb temperatures. When the dry-bulb and wet-bulb tempera¬ 
tures are tiie same, the gas is saturated, this temperature is the 
dew point, and the relative humidity is 100 per cent. 


Psychroxneter Method for Moisture in Gases 

The dry-bulb~wet-bulb thermometer uses the pressure-spring 
thermometer with two separately filled thermal systems, Fig. 
6~12. The dry bulb without a thermal well is supported in the 
open. The wet bulb is covered by a wick and is supported in a 
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moAdng stream of the gas. The wick is maintained wet'by a res¬ 
ervoir or supply of liquid (water in the case of air). The dry 
bulb and the wet bulb must be mounted adjacent to each other, 
so that substantially the same gas stream is sampled. 

A resistance thermometer with two resistance bulbs and a two- 
point recording instrument is often used in place of a pressure- 


Temperature 

recorder 



Fig. 6-12. Wet-Bulb and Dry-Bulb Thermometer (psychrometer) 

Spring thermometer. In other respects the use of the psychrom¬ 
eter of either type is the same. 

Application of the psychrometer is affected by two factors. 
First, the dry bulb must actually measure the true temperature 
of the gas. The dry bulb must be installed so that radiation 
effects to and from the bulb are minimized. When the bulb in¬ 
stallation is made in a duct, a radiation shield around the dry 
bulb may be necessary, if the duct walls are higher or lower in 
temperature than the gas stream. 

Second, the wet bulb must be installed in a gas stream having 
at least 900 fpm speed. In ducts, the natural speed is often 
sufficient. In the open, the natural speed is hardly ever this high. 
In this case, a small blower is used to maintain the required 
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velocity of gas pa^ the wet bulb. In some cases the wet bulb 
may require a radiation shield. 

The method of supplying liquid is important tc the accurate 
measurement of wet-bulb temperature. The bulb shi. dd not be 
running wet (drenched) by a liquid spray, nor should it be too 
dry. In many cases, a little experimentation in the rate of supply 
of liquid may be required to establish the proper rate. Too little 
or too much liquid usually produces a positive static error. The 
temperature of the liquid should be the same as the dry-bulb 
temperature. A porous ceramic sleeve is sometimes used over 
the wet bulb in place of a cloth wick, especially where the clotii 
wick may deteriorate. 

The psychrometer method is normally used for air at dry- 
bulb temperatures between 32 and 212^F. Although the ther¬ 
mometer itself may be accurate to within 34 per cent, the meas¬ 
urement of true wet-bulb temperature is probably not more ac¬ 
curate than 1 per cent unless the complete installation is thor¬ 
oughly checked. 

For control of moisture in gases using a psychrometric method 
the following facts are evident. For control of relative humidity 
it is necessary to measure and regulate two of the three quanti¬ 
ties: dry-bulb temperature, wet-bulb temperature, and wet-bulb 
depression. There are few psychrometric instruments arranged 
to indicate relative humidity directly. 

Hygrometer Method for Moisture in Gases 

This method employs the linear contraction and expansion of 
a hygroscopic material such as hair, wood, animal membrane, or 
paper. The instrument is calibrated to read directly in terms of 
relative humidity. 

The most commonly used elements are the hair element and 
the wood element. The hair element is made from a bundle of 
human hairs set in a fixture with one end fixed. The other end is 
arranged lo operate directly the pointer of the instrument. The 
element is maintained under light tension by a spring. A wood 
element is simply made in the form of a prismatical bar several 
inches long, i^pplewood is often used. One end of the bar is 
held fixed, and the other end operates an instrument pointer 
directly. Another way of making the wood element is to build 
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up wood fibers on a nickel-wire screen, the element wound in 
the form of a spiral as in a bourdon pressure element. The rota¬ 
tion of the free end of the spiral operates the instrument pointer. 

The accuracy of the mechanical hygrometer is not very high. 
Hair and wood elements are somewhat temperature-sensitive; 
that is, the indication of relative humidity is affected by changes 
in dry-bulb temperature, even if the relative humidity is con¬ 
stant. Also there is some calibration drift caused by aging ef¬ 
fects. The calibration of a mechanical hygrometer is usually 
checked by the psychrometcr method. Mechanical hygrometers 
are most satisfactory for measuring relative humidity of air 
when the dry-bulb temperature does not vary widely and when 
the relative humidity is between 30 and 90 per cent. The me¬ 
chanical hygrometer is slow in response; time constants of sev¬ 
eral minutes are encountered. 

An electric hygrometer is the Amnico-Dunmore instrument of 
the American Instrument Company. The hygroscopic element 
is composed of a polystyrene cylinder w^ound with a double 
winding of precious-metal wire. The wires are precision-spaced 
and end at a pin connection in the base of the unit. The surface 
of the cylinder is coab ] with a film of partially hydrolyzed poly¬ 
vinyl ai'ctate containing a small percentage of lithium chloride. 
Lithium chloride is hygroscopic and gains or loses moisture until 
it is in equilibrium with the partial pressure of the liquid vapor 
in the gas surrounding the element. The electric conductivity 
between the wires of tiie double winding depends on the moisture 
content of the film. 

By measuring the electrical resistance of the element with a 
form of the Wheatst; rie-bridge instrument, the relative humidity 
can be indicated. Reference to a psychrometric chart w'ill show 
that relative humidity can be found if f)artial pressure (or dew 
point) and dry-bulb temperature are known. Therefore, this 
instrument used as a hygrometer is temperature-sensitive and 
requires correction for changes in dry-bulb temperature. 

The advantage of the electric hygrometer is its fast response. 
The moisture equilibrium between the salt film on the element 
and the surrounding gas is reached very quickly. The electric 
hygrometer is accurate to within ±1.5 per cent, and there is 
little calibration shift with age. 
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Dew-Point Method 

This method is used to measure absolute humidity, partial 
pressure of vapor, and dew point. The electric hygrometer de¬ 
scribed in the previous section can be used as a dew-point instru¬ 
ment. The Foxboro Company Dewed operates on a similar 
principle for measuring dew point or absolute humidity. Tiic 
Dewed (Fig. G-13) consists of a thin metal tube covered with a 
glass cloth saturated with lithium chloride. A double winding of 
silver wire is made over tlie glass doth. A power supply of a 



Fig. 6-13. Dew-Point Recorder—The Foxboro Company 

few volts is connected to the winding. The electric conductivity 
between wires is directly proportional to the moisture in the salt 
taken on from the surrounding gas. When the moisture is low, 
there is a small current flow, and the temperature rise of the 
cell due to Joule heating is low. When the moisture is high, 
the current flow is high and the temperature of the cell is high. 
Thus, a thermometer bulb placed inside the metal tube will 
measure cell temperature and, therefore, absolute humidity or 
dew’ point. This instrument can be used for measuring dew point 
in the range —20 to 160°F. The accuracy is approximately 
±2 i)er cent. The main advantages of this type of dew-point in¬ 
strument are its simplicity and high speed of response. 

A second method for measuring dew point is to determine 
the temperature at which moisture condenses by impinging a jet 
of the gas on a mirror and ascertaining the temperature of the 
mirror at which the surface becomes cloudy. This method is 
shown in principle in Fig. 6-14. Light is reflected by the mirror 
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to the phototube which controls the heater and refrigerator. If 
there is no fog on the mirror, the phototube is energized, and the 
amplifier turns off the heater and turns on the refrigerator. This 
cools the mirror until a fog forms on its surface. Less light falls 
on the phototube, and the amplifiers turn the refrigerator off and 
the heater on. The cycle then continues. Thus, the tempera¬ 
ture of the mirror cycles just above and below the temperature 



Fir!. 6-14. Schematic Arrangement of Dew-Point Recorder (similar to 
Surface Combustion Corporation and General Electric Company units) 

necessary to condense moisture from the gas. A potentiometer- 
type instrument is used to measure the temperature of the mirror 
and indicate the dew point. Gas flows continuously through the 
mirror chamber. 

The Surface Combustion Corporation dew-point recorder oper¬ 
ates on this principle. It includes a voltage regulator for the 
light source, complete cycle control for the temperature of the 
mirror, and a means of excluding the temperature cycle from 
the recorder, so that only changes in dew point are indicated. 
Since dirt in the gas may deposit on the mirror, this instrument 
includes an automatic cleaning device. It is used in the dew¬ 
point-temperature range from ambient down to — 40°F. 

The General Electric ( N lopany dew-point recorder also opr i- 
ates on this principle. It includes a compensating phototube to 
exclude variation in light source, cycle control for the mirror 
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temperature, and periodic automatic flashing of the mirror to 
remove condensables from the mirror chamber. This instrument 
is used in the dew-point-temperature range from ambient down 
to ~90°F, 

Measurement of Moisture in Poper^ Textiles, and Luxnber 

A major problem in drying paper and textiles is obtaining a 
uniform amount of moisture in the finished product. In paper 



Fig. 6~15. Moisture Measurement in Paper—^The Brown Instrument Com¬ 
pany Moist-O-Grapb 


the amount of moisture determines the weight and quality of 
the paper. In textiles proper moisture produces uniform weave 
and better finish. Two methods for measuring moisture will be 
illustrated. 

The Moist-O-Graph of The Brown Instrument Company oper¬ 
ates by measuring the electrical resistance through the paper. 
A detecting roll (Fig. 6-15) is placed against the paper on the 
drying cylinder. By means of the bridge circuit the resistance 
across the paper is measured and indicated at the recorder, which 
is similar to an automatic-resistance-thermometer instrument. 
The resistance of the paper varies from about 25,000 ohms to 
50 megohms for various papers with various moisture content. 
Since temperature also affects the resistance, the temperature 
at the point of measurement must be reasonably constant. Cali¬ 
bration in terms of arbitrary moisture content is established by 
sampling and constructing a calibration curve. Generally the 
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calibration curve is different for each grade of paper. The paper 
speed may be up to 1000 fpm. The Moist-O-Graph system is 
also used in an entirely similar manner on textile-drying ma¬ 
chines for measuring moisture content of yarns and cloth. 

The Verigraph of The Foxboro Company is likewise used for 
measuring moisture content of paper and textiles. The detecting 
element is a rectangular box mounted with the open side in con¬ 
tact with the moving material. The air inside the box comes 



Fig. 5-16. Moisture M ••.surement in Lumber—The Foxboro Company 

Kilnboy 

to a moisture equilibrium with the material moving underneath 
it, so that the humidity in the box is indicative of the moisture 
content of the moving material. A hygroscopic element is 
mounted in the box and consists of an electric capacitor with a 
hygroscopic dielectric. The variation in capacitance caused by 
changes in moisture content of the material is measured by a 
high-frequency electric system and indicated by a recording 
instrument. Calibration is accomplished by sampling. 

One of the simplest means of determining moisture content in 
materials is to weigh a known volume of material during the 
drying operation. Naturally this method operates best for ma¬ 
terials being dried in batch operations in ovens or kilns. One 
example of this method is the Kilnboy of The Foxboro Com¬ 
pany. This device is used for measuring moisture content of 
kiln-dried lumber. Figure 6~16 shows a simple beam scale in¬ 
stalled in the kiln. The scale holds a sample of the lumber to be 
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dried. The deflection of the beam as the lumber loses moisture 
is detected by the simple pneumatic-nozzle system, and the re¬ 
sulting air pressure is indicated at the receiver. The receiver is 
calibrated in terms of weight (density) of the sample or is cali¬ 
brated to show moisture content. 

Ion Concentration Meosurement 

The measurement of pH or acid-base characteristics of liquids 
is necessary in many condensate systems as a check on corrosion, 
in pharmaceutical production for maximum yield, in food manu¬ 
facture to reduce spoilage and improve taste, in ore reduction 
b}^ the flotation process, and in innumerable chemical processes. 

pH measurement is generally employed for aqueous solutions. 
In water, for example, a stable equilibrium at a given tempera¬ 
ture exists between water molecules (HOH), positive hydrogen 
ions (H), and negative hydroxyl ions (OH). The presence of 
these ions in water can be determined experimentally and at 
77°F is found to be 1.0 X 10“'^ grams per liter. The number of 
hydrogen ions times the number of hydroxyl ions equals a num¬ 
ber known as the dissociation constant, which for water is 
1.0 X at 72°F. 

The pH scale is set up so as to avoid the handling of such 
small numbers as follows: 

pH = logxo7 (6~7) 

h 

where pH is the scale value, and h is the hydrogen-ion concen¬ 
tration. Thus neutral water has a pH of 7.0. Reference to 
Fig. 6-17 indicates the logarithmic quality of the pH scale. A 
change of pH of one unit represents a change of concentration 
by a ratio of 10. For example, a solution with a pH of 8 is 10 
times more alkaline than a solution with a pH of 7. The prac¬ 
tical limits of the scale are 0 and 14. A pH of 0 corresponds 
to an acid solution of unit strength, and a pH of 14 corresponds 
to a basic solution of unit strength. 

The most common industrial method of measuring pH is by 
glass-cell and calomel-cell electrodes used with a potentiometer 
instrument. In brief, this method requires that an electrode be 
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immersed in the solution. An electric potential is produced at 
tlie electrode which forms an electrolytic half-cell. Tiiis is the 
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Fig. 6-17. The pH Scale 


measuring cell. A second electrode is required to provide a 
standard potential and to complete the cell. This is the refer¬ 
ence cell. The algebraic sum of the potentials of the two half¬ 
cells is proportional to the concentration 
of hydrogen ions in the solution. 

The glass electrode is the measuring 
electrode in common use; it is indicated 
in Fig. (>-18. This electrode operates 
on the principle that a potential is ob¬ 
served between two solutions of different 
hydrogen-ion concentration when they are 
separated by a thin glass wall. This 
potential is a function of the two con¬ 
centrations. A buffer solution is contained 
in the permanently sealed glass electrode, 
which is surrounded by the si/liition whose 
7)H is being measured. The buffer so¬ 
lution in the electrode has a constant 
hydrogen-ion concentration. The poten¬ 
tial at the electrode therefore depends 
on the hydrogen-ion concentration of the 
measured solution. 

The calomel electrode (Fig. 6-19) is in 
common use as a reference electrode. The calomel (mercury and 
mercurous chloride) is contained in the inner tube and covers a 
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Fig. 6-18. Measuring 
(glass) Electrode for 
pH Measurement 
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platinum wire. The potassium chloride, a saturated solution, is 
in liquid contact with the measured solution, which surrounds 
the reference electrode. The liquid junction is provided by a 
small hole in the electrode, over which a ground-glass cap is 
placed, the junction to the outside provided by the liquid film 
in the glass joint. In some cases a capillary is arranged to provide 
the liquid junction. Thus, the electrolyte (potassium chloride) 
slowly escapes from the electrode into the 
measured liquid. The potential at the 
reference electrode is constant. 

The operation of the electrodes depends 
on the electrical resistivity of the glass. 
Consequently, a temperature error must 
be compensated, since the electrical re¬ 
sistivity is proportional to temperature. 
This is accomplished by means of a 
resistance-thermometer element connected 
into the electrode circuit. Therefore, the 
industrial pH electrode assembly consists 
of tliree units: the glass and calomel elec¬ 
trodes and a resistance-thermometer ele¬ 
ment, all contained in a suitable housing, 
which is immersed in a tank or in a stream 
of the liquid. They can be installed di¬ 
rectly in liquid pipe lines. The glass and 
calomel electrodes can be used at liquid temperatures between 
34 and 212°F and up to 30 psi gage pressure. 

All standard glass electrodes are subject to negative static 
errors when sodium ions are present in alkaline solutions. The 
eiror is serious above approximately 9 pH and depends on the 
temperature and the sodium-ion concentration. In such appli¬ 
cations it is necessary to select a glass electrode constructed 
from a special-type glass. 

Tlie cell potential is measured by means of a potentiometer- 
type instrument operated from an amplifier connected to both 
electrodes. The amplifier is required because the cell potential 
is very small and because practically no current through the cell 
'an be allowed. 
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ereiK'e Electrode for 
pH Measurement 
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Other measuring cells besides the glass electrode are infre¬ 
quently used. The hydrogen electrode is a laboratory standard 
but is susceptible to contamination and requires a continuous 
supply of pure hydrogen. The quinhydrone electrode is limited 
in usefulness because it requires escape of quinone and hydro- 
quinone into the measured solution. The antimony electrode has 
some uses but is subject to contamination and serious errors in 
some solutions. 

Special Methods of Analysis 

This section includes several methods for composition anal¬ 
ysis. Although some of them are in very common industrial 
use, they are generally limited to specific kinds of analysis of 
particular substances. 

Heat of combustion methods are used to determine the pres¬ 
ence of combustible gases of any nature by burning the gas at a 
filament and measuring the temperature rise of the filament. 
Carbon monoxide and hydrogen gases near furnaces, internal- 
combustion engines, and gas plants are found in this manner. 

The cell of the gas analyzer contains a catalyst which acts to 
promote combustion (or oxidation) of the combustible com¬ 
ponents of the gas. A platinum filament employed in a bridge 
circuit (as in Fig. 6-11) is used to measure the heat liberated by 
combustion. In other types a thermopile is used to measure the 
heat of combustion. In either case the instrument, a resistance- 
bridge or potentiometer indicator or recorder, can be cali¬ 
brated ill terms of per cent of combustibles present. The gas 
sample is continuously fed to the analysis cell either by an 
aspirator pump or by a turboblower. The gas sample is usually 
passed through a dryer to remove moisture. 

Chemical methods may be employed for detecting many gases. 
I’he method will, of course, vary with each gas. Two examples 
are the measurement of concentration of hydrogen sulfide and the 
measurement of carbon dioxide content of combustion gases. 

The Rubicon Company analyzer for hydrogen sulfide is shown 
in principle in Fig. 6-20. The paper tape is treated with lead 
acetate and other chemicals and is arranged to pass through the 
gas chamber. A light and photocell are arranged to measure the 
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reflectance of the paper tape before and after the tape passes 
through the gas chamber. If hydrogen sulfide is present in the 
gas chamber, lead sulfide (brown in color) is deposited on the 
tape, thus lowering its reflectance. The amount of hydrogen 
sulfide present is proportional to the loss in reflectance of the 
tape. The two j)hotocells arc connected in a balanced bridge 
circuit, and an indicator or recorder can be operated. Accessory 



Fig. 5-20. Hydrogen Sulfide Detection System—Rubicon Company 

equipment is used to supply the gas to the chamber at a con¬ 
stant flow rate, pressure, temperature, and moisture content. 

Tlie automatic Orsat is used as a carbon dioxide meter. 
Briefly, this device is operated on a continuous cycle to extract 
a given volume of the gas, which has been washed, cleaned, and 
temperature-controlled. The gas is then passed through a solu¬ 
tion of caustic potash where the carbon monoxide is absorbed. 
The remaining gas then passes to a displacement meter, usually 
a bell-type oil-sealed gage, and the volume of the remaining gas 
is the difference between the given volume and the carbon dioxide 
content. 

The magnetic-susceptibility method of gas analysis is em¬ 
ployed mainly in measuring oxygen content of gases. Oxygen 
exhibits a relatively strong paramagnetic effect; that is, it is 
polarized in a magnetic field. Of most common gases, only ni- 
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irons oxide and oxygen have appreciable paramagnetism. The 
Hays Corporation oxygen meter is shown schematically in Fig. 
6~21. Both the measuring cell and the comparison ceil contain 
identical resistance wires. Thus, thermal conductivity and con¬ 
vection effects are balanced. The measuring cell, however, is 
situated in the field of the permanent magnet. The gas sample 
passes across the bottom of the two cells. The gas is drawn into 
the sample tube by either an aspirator pump or a centrifugal 
blower. If the gas contains oxygen, the latter is attracted to the 



Fiq. 6~21. Oxygen Analy us Oil Based on Paramagnetic Effect—Hays 

Corporation 

magnetic field in the measuring tube and comes close to the 
heated filament. As the oxygen is heated, its polarity becomes 
less strong, and the molecules are pushed down into the sample 
tube by more incoming oxygen. The greater the amount of 
oxygen in the sample, the stronger the circulation into the meas¬ 
uring cell becomes. The measuring filament is therefore cooled, 
and its resistance is p-cportional to the amount of oxygen. The 
two cells are arranged in a balanced-bridge circuit for operation 
of an indicator or recorder. 

The polarizing’-cell method (Mine Safety Appliances Com¬ 
pany) for measuring oxygen content of gas mixtures employs a 
primary cell with one metal electrode and one hollow carbon 
electrode in an electrolyte. The hydrogen given off at the carbon 
electrode causes polarization of the cell which decreases the cell 
emf. The gas sample is passed to the hollow carbon electrode, 
and oxygen in the sample diffuses through the carbon to combine 
with the hydrogen. This results in less polarization of the cell 
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and increases the emf of the cell. Thus, the amount of oxygeii 
present in the gas sample is proportional to the emf of the cell. 
The cell is surrounded by a thermostatic bath to eliminate tem¬ 
perature variations. The emf of the cell is measured by a self¬ 
balancing potentiometer instrument. 

The polarograph is useful in analyzing substances that are 
subject to electrolytic oxidation and reduction. This includes 
analyses for nearly all metals in nonferrous alloys, steels, 
magnesium alloys, zinc alloys, and ores. Briefly, the polaro- 
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Fio. 6~22. Schematic Arrangement—Polarograph 


graph method (Fig. 6-22) consists of dropping mercury into 
the solution containing the substance analyzed and record¬ 
ing the current passing through the electrode. The voltage 
across the electrode begins at 0 and is gradually raised to about 
5 volts. The current rises in steps because of the attraction of 
ions of various components to the electrode. The polarogram is 
a plot of current versus voltage. The voltage of each step shows 
the presence of certain elements, and the height of the steps is 
proportional to the concentration of the element. 

The dilatometer is an instrument for recording the tempera¬ 
ture-time curve and temperature-expansion curve for a sample 
of metal being heated and cooled. By the shape of the tem¬ 
perature-dilation curve at critical points it is possible to de¬ 
termine the composition of steel within a reasonable degree of 
accuracy. The equipment consists of a fixed platform, on which 
is placed a sample of steel rod about 3 in. long. Expansion 
and contraction of the sample is transmitted mechanically to a 
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recording chart by the differential motion of a quartz rod placed 
against the sample and a quartz rod placed against the platform. 

The refractorneter is an instrument for measuring the index 
of refraction of substances. The refractive index is a physical 
characteristic of substances in which light rays passing from air 
into the substance are deflected: that is, refracted from its con¬ 
tinued path. By this means different substances can be identi¬ 
fied, because every substance has its own particular index of re¬ 
fraction. This method is commonly used for composition anal¬ 
ysis of gases and liquids, where the 
number and identity of components 
are known bqt the concentrations are 
not. A linear relationship between 
refractive index and concentration of 
two components in a mixture is gen¬ 
erally obtained. If more than two 
components are present, then it is 
generally necessary that all compo¬ 
nents but two be fixed in proportion. 

Consider, for example, a mixture 
of water and sucro^« (cane sugar). 

The index of refraction of water at 
G8°F is 1.333. The index of refraction of an 85 per cent solution 
of sucrose in water is 1.503. At other concentrations the index 
is nearly linear in proportion. Thus, by measuring the index 
of refraction the concentration of sugar solutions is obtained. 
Other applications of this method are found in the oil, fat, and 
food industries. It is also used in the alcoholic industry. 

In the refractomvter the index of refraction is measured at 
the critical angle, as shown in Fig. 6-23. The index of re¬ 
fraction is 



Fig. 6-23. Refraction of a 
Light Beam 
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and the critical angle is given by the particular angle of inci¬ 
dence B for which reflection takes place at the interface. Thus, 
for any angle of incidence the refracted rays are confined to 
the critical angle By measuring the critical angle the 
index of refraction can be found. For example, if a telescope 
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is directed along the critical angle toward the interface, a sharp 
division between the light and dark field of view is seen. 

The refractometer is usually a manually operated instrument, 
although it can be made automatic*, by employing a light-sensi¬ 
tive photocell in place of the telescope. The temperature co¬ 
efficient of index of refraction is appreciable, and, therefore, the 
optical system of the refractometer should be enclosecj in a ther¬ 
mostatically controlled housing. The refractometer generally 
employs monochromatic light in order to avoid dispersion caused 
by tl'e variation of refractive index with wavelength. 



The interferometer operates on the princii)le of superposition 
of light waves. The optical system of one instrument is shown 
in Fig. 6-24. The source may be a mercury-arc lamp, and its 
light is directed to the collimating lens. The light then falls on 
the two slits, and at this point a filter eliminates all light but 
the mercury green line. The two parallel beams then pass 
through the cells and through the lens and arc focused at the 
eyepiece. If the fluids in the measuring cell and the reference 
cell are the same, then the optical path of each beam is the 
same. Thus, the vibrations of the light waves focused at the 
eyepiece are in phase, and the light beam is observed through 
the eyepiece. If the composition of the fluid in the measuring 
cell is different from that of the fluid in the reference cell, the 
optical-path length is changed if the index of refraction changes. 
The optical path length is where /x is the index of refraction 
of the fluid and L is the physical length of the path. Because 
the optical path is longer, there arc more wavelengths of light 
in the cell containing a fluid of higher index of refraction. Thus, 
if the optical paths are different by an equivalent of one-half 
wavelength of the light used, the light waves will be out of phase 





Problems 


189 


at the eyepiece, and no light is observed. For a shift of each full 
wavelength, alternate light and dark fringes are observed at the 
eyepiece. The relationship for the difference in index of refrac¬ 
tion is 

n\ 

{flm — = — (6~9) 

Jj 

where = index of refraction of measured fluid 
/ir = index of refraction of reference fluid 
n = number of fringes shifted 
X = wavelength of light used 
L — path (cell) length 

This method of measurement is extremely sensitive, and changes 
in refractive index of 1 ppm in liquids and one part per 10 mil¬ 
lion in gases are not at all difficult to determine. The measuring 
cell for liquids is usually about 1 cm long, and the measuring 
cell for gases is about 100 cm long. The ref rence cell is gen¬ 
erally of tile same length and is filled with a fluid of desired 
composition for reference to the measured fluid. 

Problems 

6-1. Air absorbs strongly at and below 1900 A. In what type Bpec- 
trometer would this be a serious effect? 

6-2. Fluorite absorbs strongly at and below 1250 A. At these wave¬ 
lengths mirrors would be substituted for lensesS in a spectrometer. What 
could be used in the place of a prism? 

6-3. Explain briefly why a prism refracts light. 

6-4. On a pholograptic positive would flame spectrum lines appear as 
dark lines or a.s bright hues? 

6-5. The amount of light absorbed in passing through a translucent sub¬ 
stance is proportional to the amount falling on a surface at a given depth 
from the face and also proportional to the depth of the surface from the 
face. From this sratement derive Boer’s law. 

6-6. A thermal-conductivity meter is to be used for measuring the con¬ 
centration of methane in a mixture of methane, hydrogen, and nitrogen. 
The nitrogen concentration is constant at 15 per cent by volume. Find an 
expression relating thernul conductivity of the mixtiu’e to concentration 
in per cent of methane, if a linear combination is assumed. Thermal con¬ 
ductivity; methane, 1.27; hydrogen, 6.98; nitrogen, 0.995, relative to air 
at 32°F. 
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6-7. In measuring relative humidity by the psychrometer method the 
dry-bulb temperature is 100°F and the wet-bulb depression is 10°F. Find 
the relative humidity and absolute humidity. What is the dew point? 

6--8. An oven-drying operation is sensitive to the amount of moisture 
contained in the int^oming air to the dryer. What instrument would you 
suggest be used to indicate this effect? 

6-9. What methods of analysis can be used for determining composi¬ 
tion of: 

(a) Steels. 

(b) Hydrocarbon mixtures. 

(c) Mixtures of ammonia in air. 

6-10. List the methods of composition analysis that provide continuous 
indication of composition. 

6*-ll. Give an example showing the use of pH measurement to indicate 
composition of a liquid solution. For the example chosen find the relation 
between composition and pH value of the solution. 

6-12. Specific gravity can be used to indicate composition. For example, 
the specific gravity of toluene is 0.882 and of carbon disulfide 1.293. For 
a column of the liquid mixture 5 ft high, find the static pressure in inches 
of water at the bottom of the column versus the per cent by volume of 
toluene. 

6-13. Dalton’s law of partial pressures is important in humidity measure¬ 
ments. State this law. How is pressure of a gas mixture determined by 
this law? 

6-14. Describe the heat-transfer process at the wet btilb of a psy¬ 
chrometer, and thereby deduce what the temperature equilibrium at the 
wet bulb means. 

6-15. An arc spectrum obtained in an experiment shows strong lines at 
2852.129, 2881.578, 3247.54, 3961.527, and 4030.755 A. What was the sub¬ 
stance analyzed, and what elements did it contain? Are these emission 
lines or absorption lines? (The Handbook oj Chemistry and Physics gives 
data on spectra.) 

6-16. On a day when the barometric pressure is 28.60 in. Hg, the dew¬ 
point temperature is 50°F, and the dry-bulb temperature 70°F, compute 
the relative humidity. 
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The measurement of quantities involving the fundamental units 
of length, mass, and time is often required in industrial proc¬ 
essing and manufacturing. Combinations of these three funda¬ 
mental quantities occur as displacement, velocity, acceleration, 
work, power, and energy. 

The fundamental unit of length is the foot. The standard 
unit of length is the yard which is defined by reference to the 
international meter. A prototype of the international meter in 
the form of a plaiinura-iridium bar is deposited at the National 
Bureau of Standards. The relation between the yard and the 
meter is 

1 yard = m^ter 

The meter is nearly equal to one millionth of the distance at 
sea level on the surface of the earth from the equator to a pole. 

The fundamental and standard unit of mass is the pound 
avoirdupois. It is defined in relation to the prototype interna¬ 
tional kilogram at the National Bureau of Standards as 

1 lb - 453.5924277 grams 

The kilogram is as closely as possible equal to the mass of a 
cube of pure water at 4°C and 760 mm Hg pressure, the sides 
of the cube measuring Yjq meter. 

Mass, weight, and force must be carefully distinguished. 
Mass is defined by a quantity of matter as is illustrated by its 
definition. Weight is the pull on a quantity of matter expressed 
in standard gra/itational force units. The latter sense is used 
in weighing. 
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The gravitational unit of force is defined as the force required 
to give a unit standard mass an acceleration equal to that pro¬ 
duced by the local gravitational pull of the earth. However, 
local variations in the gravitational constant occur, and the local 
value of a force as determined on a scale must be corrected by 

go 

where / = value of force, pounds 

g == local acceleration due to gravity 

go = standard acceleration due to gravity = 32.1739 ft/sec^ 
W = weight measurement of force, pounds 

In most engineering work the variation of the gravitational con¬ 
stant g can be neglected. The greatest variation in the gravita¬ 
tional constant g in the United States and Canada is 0.352 per 
cent. Variation with altitude also occurs. 

The dynamical unit of force is defined as the force required to 
produce an acceleration of 32.1739 ft per sec per sec on a unit 
standard mass. This force is measured in pounds. Another 
dynamical %init of force is defined as the force required to produce 
an acceleration of unity on a unit standard mass. This force is 
measured in poundals. Either dynamical unit of force is in¬ 
variable and is not affected by the value of local gravitational 
constant. 

The fundamental unit of time is the second and is, by defini¬ 
tion, 1/86,400 part of the mean solar day. The standard of time 
at the National Bureau of Standards is the Riefler clock, a totally 
enclosed clock with a compensated pendulum.^ The Riefler 
clock is corrected by astronomical observation. A time signal, 
accurate to within 0.02 sec per day, is sent out through the 
Arlington Radio Station at the U. S. Naval Observatory, 

Displacement Gages 

Measurements of distances and displacements can be made by 
employing rules and tapes. Distances or displacements in frac¬ 
tions of an inch can be determined with dial gages, micrometer 

^ See also H. Lyons, “The Atomic Clock, Instruments, 22, no. 2 (Feb. 
1949). 
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calipers, and vernier calipers. These methods are essentially 
manual. Automatic methods of measurement of displacements 
are, however, in common industrial use. 

The 'pneumatic displacement gage is shown in principle in 
Fig. 7-1. Although its most popular use is in connection with 
go and no-go measurements in the production of manufactured 
parts (inspection), it is also convenient in making continuous 
measurements of small displacements such as might be required 
in measuring thickness of moving sheet or strip materials. The 



Fig. 7-1. Pneumatic Displacement Gage in Principle 


operation is that of an open nozzle, calibrated for nozzle back 
pressure versus distance of obstruction in front of the nozzle. 
The nozzle tip need not touch the material passing near it. The 
change in nozzle back pressure caused by covering and uncover¬ 
ing the nuzzle is about 2 to 10 or 20 psi. The nozzle back pres¬ 
sure may be measur*;d with a mercury manometer or with an 
accurate bourdon-tube gage. The indicator is usually calibrated 
in 0.001 in. or similar units. Another method of calibrating the 
pneumatic gage is to measure the air flow through the nozzle for 
various distances of the obstruction in front of the nozzle. With 
this method a small air-flow indicator (a rotameter) is inserted 
in the nozzle line. The height of the float in the rotameter is read 
on an adjacent scale calibrated in 0.001 in. or smaller units. 

With the pneumatic system, magnification up to 100,000 can 
be achieved. That is, displacements in the region of 0.00001 in. 
may be measured, and displacements as small as 0.000001 in. 
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can be detected. The maximum measurable displacement is gen¬ 
erally about 0.010 in., although linkage arrangements can be 
made to allow greater displacements to be measured. The ac¬ 
curacy of the pneumatic system, once it is calibrated, depends 
on the accuracy of operation of the supply pressure regulator, 
and regulators for this service are available. The advantages of 
the pneumatic-gage method are that it is simple and inexpensive, 
does not require physical contact in performing the measure¬ 
ment, and does not impose a force on the material or body on 
which it is used. 

Several electrical methods ^ are employed in measuring dis¬ 
placements. All such methods depend on converting the dis¬ 
placement into a change of some electrical quantity such as volt¬ 
age or resistance so as to employ an electric instrument for in¬ 
dication. 

The electric displacement gage can be used for measuring 
thickness of moving sheet or strip materials, as shown in Fig. 
7-2. The roller of the gaging rod rests directly on the moving 
sheet with a force of about 5 to 10 oz. As the gaging rod moves 
vertically, the armature is moved closer to one or other of the 
coils. This unbalances the circuit, and the resulting a-c un¬ 
balance is rectified to a direct current which can be indicated at 
the microammeter. The ammeter is then calibrated in terms of 
thickness of the moving sheet. A record of sheet thickness can 
be obtained by using a recording instrument. 

The electric gage makes possible magnification up to about 
11,000; that is, measurement of displacement as small as 0.00001 
in. can be made. Displacements as large as 0.10 in. can be 
measured. The gage arrangement shown in Fig. 7~2 can be used 
in continuously measuring the thickness of steel or other metal 
strip passing over rolls. For use on thin, nonmagnetic, con¬ 
ductive materials, an arrangement is made whereby the arma¬ 
ture is omitted and the strip passes directly between the coils. 
For measuring thickness of paper sheet, the two coils are 
mounted in a detecting head in such a manner that the face of 
both coils is held in close proximity to the moving sheet at a 
point where the sheet passes over a steel roll.. Variation of 

*See Precision Measurement in the Metal Working Industry, Vol. 2, 
Syracuse University Press, 1944. 
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thickness of the paper sheets moves the coils^aoi;ially with respect 
to the steel roll, and the microainmcter is calibrated in terms of 
sheet thickness. The advantages of the electric displacement 
gage are that it is siinjde and inexpensive and its accuracy is not 
appreciably affected by grease films or other heavy-fluid films on 
the surface of the sheet. 

The electric strain gage ^ can be used to measure displacement 
if sufficient force is available to provide the displacement. The 



Fia. 7-2. Electric Displacement Gage—Pratt & Whitney 


strain gage is very commonly used to determine strain in a mem¬ 
ber under load. One b'rui of the strain gage, called the un¬ 
bonded type, is shown in Fig. 7-3 representing the Transducer 
of Statham Laboratories. The fi.xed frame and the movable 
armature are mechanically connected by four sets of wire ele¬ 
ments under initial tension. When a force acts on the armature, 
a displacement results, and two of the wire elements are 
elongated while the other two become shortened. The displace¬ 
ment of the armature is proportional to the force applied and to 
the modulus of the wire material. The change in electrical re¬ 
sistance of the elements is proportional to the displacement, and 
the unit can therefore be calibrated in displacement units versus 
resistance. The unit can U arranged to operate with an indi- 

3 See M. M. Frocht, PholoclaUicity, Vol. 1, John Wiley & Sons, 1941. 
and J. P. Den Hartog, Strength, of Materials, McGraw-Hill Book Co., 1949. 
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eating Wheatstone-bridge instrument very similar to that used 
for the resistance thermometer. Ambient-temperature changes 
have little effect, because the unit can be connected into the 
bridge circuit in such a manner that the thermal change of re¬ 
sistance of each element opj)oscs the other. The calibration of 
the unit is affected by the slight change in elastic modulus with 
temperature. The nominal resistance of the unit may be from 
about 50 to 1000 ohms. Displacements up to about 0.002 in. 
may be measured. The force required at this displacement is 
from oz. to 4.0 lb. 



Fig. 7-3, Electric Displacement Gage or Unbonded Strain Gage 

The bonded form of the electric strain-gage element consists 
simply of a resistance wire set in a cloth or paper strip and 
bonded by a special glue or cement to the member under load. 
The wire material may be Constantan, Manganin, Nichrome, or 
even steel, de})oiiding on the magnitude of the strain. The ef¬ 
fective iengtJi of the gage may be from about y to in., and 
the nominal resistance may be from 50 to 5000 ohms. Because 
the temperature coefficient of resistivity of all wires except 
Manganin is appreciable, it is necessary either to correct the 
strain readings if the ambient temperature clianges, or, as is 
more common, to connect two elements into a Wheatstone bridge 
so as to nullify temperature effects. 

The application of the strain gage can be discussed only 
briefly, and for greater detail the student is referred to the two 
references previously mentioned and to the Transactions of the 
Society for Experimental Stress Analysis. If in a member under 
the load, the direction of principal stress is known but the mag¬ 
nitude is unknowTi, the single element in Fig. 7-4 is used. If 
the direction and magnitude of principal stress are not known 
then the delta, or star arrangement, called a rosette, Fig. 7-4, 
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is used. By calculation both the magnitude and direction of the 
stress may be found. Stresses on the inside of a sheet or plate 
may be found by strain measurements made with a rosette gage 
bonded to the outside of the sheet. This technique is very useful 
in pressure vessels and the like. Strains as small as 0.000001 in. 
can be measured. The maximum strain that can be measured 
depends on the type of wire and the length of the element. The 
calibration of a strain-gage element is usually given in terms of 



Single element Star rosette Delta rosette 

Fio, 7-4. Bonded-Type Straiii-Gago Elements {Rejrroduced by permission 
of the Baldwin Locomotive Works) 


a gage factor which equals the ratio of the per cent change of 
resistance to the per cent change in strain. This factor is about 
2 to 4 for most strain-gage elements. The strain can be indi¬ 
cated by any Wheatstone-bridge instrument; for example, a 
resistance-thermometer instrument is used as an automatic re¬ 
corder. The strain-gage element is also useful in measuring 
amplitude of vibrations in a member acted on by fluctuating 
loads, as in propellers and turbine blades. For frequencies up to 
30,000 cps the strain-gage element is usually capacitance- 
coupled to an amplifier, and an oscilloscope is used for indi¬ 
cation. 

The variable differential transformer (Schaevitz Engineering), 
another electric device for measuring displacement, is shown 
schematically in Fig. 7-5. It consists simply of a magnetic iron 
core positioned freely in a double-wound coil. When an alter- 
'Rating-voltage 4&'^ppHed“tcrthe primary-coil and the-arrnarture 
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is centered in the coils, no voltage appears at the output. When 
the core is displaced, the reactance of the secondary coil is un¬ 
balanced, and the alternating voltage at the output is propor¬ 
tional to the displacement of the core. The differential trans¬ 
former is small in size and can be used for measuring displace¬ 
ments from about 0.001 to 2.0 in. It may be used for measuring 
amplitude of vibrations with frequencies up to about 20,000 cps. 
The input voltage to the coils must be maintained constant by a 
voltage regulator. When a continuous recording of displacement 


Output 



Input (line) 


Fig. 7-5. The Variable Differential Transformer—Schaevitz Engint^ering 


is required, the a-c output can be measured by an automatic- 
balance instrument in an inductance-bridge circuit. The dis¬ 
placement-measuring gage of Wiancko Engineering is somewhat 
similar and consists of two variable inductance coils mounted 
on a core with two air gaps. The length of one gap is increased 
and the other decreased by displacement of an armature. The 
inductance coils may be connected into two arms of a bridge. 
An a-c supply is used for the bridge. 

The synchro system of measuring displacement is also useful 
in applications where very low power is available for operation. 
For example, the Servograph of Servo-Tek Products Company 
employs a transmitting and receiving synchro system. 

The synchro system employs a synchrogenerator and a syn¬ 
chromotor connected as shown in Fig. 7-6. The synchrogenerator 
comprises a two-pole rotor with a single winding connected 
through slip rings to a-c line. The stator contains three coils 
with distributed windings 120"^ apart. The rotor current induces 
alternating voltages in each of the three stator coils, and these 
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three voltages uniquely identify the angular position of the 
rotor in a 360° circle. The synchromotor operates similarly, 
and the angular position of its output shaft is determined by 
the three voltages at the stator coils. Thus, when the rotors of 
the motor and generator are not aligned, there is a resultant 
voltage at the motor stator coils, and a torque is caused on the 
motor rotor. When the motor and generator rotors are aligned, 
there is no resultant voltage at the motor stator coils, and the 
system is in balance. The generator and motor must be con- 



Fia, 7-6. The Synchro (selsyn) Transmission System 

nected to the same a-c line, or at least to lines having the same 
phase and frequency. 

It is evident that the synchro system is not a power amplifier, 
since a like torque exists at both the motor and generator. For 
this reason an amplifier is usually required to drive the generator 
by means of a reversible motor from the unbalanced stator volt¬ 
ages. In this case a synchrocontrol transformer may be used 
to determine the extent of the unbalance voltages in the stator 
coils of the synchrocontrol transformer and the synchrogenerator. 
In most synchro systems not employing an amplifier, a torque 
up to % oz-in. may be required to operate the synchrogenerator. 
Measurement of angular displacement up to 360° can be made, 
and by suitable gearing greater displacements are measured. 

Measurement oi Weight Force, and Torque 

Weighing devices or scales are used for determining the magni¬ 
tude of a weight or force and also in measuring torque. Scales 
operate on the principle of comparing the state of equilibrium 
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of two forces. The comparison is made between the force due 
to gravity acting on a standard mass and the force due to grav¬ 
ity acting on the unknown mass. The kinds of scales are the 
balance, the indicating scale, and the automatic balance. 

The balance is not ordinarily indicating because it must be 
manually balanced. As shown in Fig. 7-7, the balance, in simple 
form, consists of pans hung at equal arms from a beam. 
Whether the scale is used for weighing small or large masses, 
the unknown weight is determined by balancing against a stand¬ 
ard mass, the weight of which is equal to the unknown WTight. 

This assumes, of course, that 
the balance arms are equal. 
If the balance arms are not 
equal, this fact may be deter¬ 
mined by balancing masses 
on the scale, and, when the 
masses are interchanged on 
the pans, the arm that de¬ 
scends is the longer of tlie 
two. The accuracy of a bal¬ 
ance depends on using carefully calibrated masses. Any indus¬ 
trial laboratory should have a set of standard kilogram masses 
as secondary standards. In addition, it is necessary that the 
balance be in good condition, particularly that the knife-edges 
be sharp and clean. 

Most scales used in commercial and industrial work employ an 
arrangement similar to the balance and steelyard, as indicated 
by Fig. 7-8. The balance consists of the lower parallelogram- 
bar arrangement and is employed because the operation of the 
scale is not affected by the position of the unknown mass on the 
platform. 

Beam balances and platform balances in small sizes can be 
calibrated with standard masses. One-pound and fifty-pound 
standard masses can be used for this purpose. Larger scales 
must usually be calibrated with, a known mass of water. It is 
important that the knife-edges, pivots, and bearings of such 
scales be maintained in good condition. Lever ratios as high as 
10,000 to 1 are employed in larger scales, and high accuracy of 
weighing depends on accurately located and friction-free bear- 
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ings. Scales of this type are sometimes sensitive to ambient- 
temperature errors. 

An indicating scale (spring type) is shown in Fig. 7-9. The 
unknown weight applied to the free end of the spring causes a 



Fig. 7-8. The Commercial Balance in Principle 


displacement, which is indicated by the pointer. A tapc-and- 
(Irum movement is used to operate the pointer. Often a pinion- 
and-rack movement is employed with the rack spring-loaded to 
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1 

W 

Fig. 7-9. The Spring Scale in Principle 

eliminate backlash. The spring scale is calibrated, using a 
known mass. The accuracy of the -pring scale depends on the 
precision and reproducibility of the spring. Most often the 
spring is temperature-compensated. 
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An indicating scale (variable-arm type) is shown in Fig. 7-10. 
The unknown weight is balanced by a known mass acting at a 
variable moment arm. The wheel-and-tape movement is used 
in order to be able to introduce a cam so as to correct the scale 
calibration to a linear shape. This is required, because the mo- 
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Fig. 7-10. The Variable-Arm Scale in Principle 

ment arm varies as the sine of the angle of displacement. The 
calibration of the variable-arm scale is not affected by local 
variation in gravitational constant, because the effect on both 
the known and the unknown mass is the same. 

Balance 



Fig. 7-11. The Automatic Balance in Principle 

The automatic balance has been constructed with many dif¬ 
ferent schemes of operation; one simple electrical method is 
shown in Fig. 7-11. An electric-contact arrangement at the end 
of the steelyard is so connected as to drive the reversible motor, 
thus moving the counterpoise along the beam by rotating the 
spiral shaft. When the steelyard rests at the free space between 
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the contacts, the motor stops, and the scale may be read. Auto¬ 
matic balances are in common use in testing machines and in 
continuous-weighing devices. 

Force is most commonly measured by scales and weighing 
devices. Several limitations of the method of measuring force 
are apparent. First, the force must be reasonably constant in 
value or else changing gradually and continuously in one direc¬ 
tion. The ordinary balance is not well suited to the measure¬ 



ment of fluctuating forces and particularly forces that reverse in 
direction. The mass of the moving parts results in a very low 
natural frequency and consequent lag in accurate indication. 
Second, the line of action of the force must be perpendicular to 
the platform of the scales; otherwise, only the cosine component 
is measured. Third and rarely, the measurement may require 
correction for local variation in gravitational constant. Within 
these limitations, forces may be measured with reasonable ac¬ 
curacy. The thrust and torque output of various types of motors 
and engines is measured in this manner. 

The force meter or thrust meter is employed for the measure¬ 
ment of forces varying with time in magnitude and sense. The 
pneumatic-jorce meter is .^hown in Fig. 7-12. Here the variable 
downward force is balanced by the upward force of the air 
pressure against the effective area of the diaphragm. The bal¬ 
ance is automatic. Suppose that the force F increases. The 
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diaphragm rod then moves downward, and the baffle covers the 
nozzle. The nozzle back pressure increases, and the resulting 
greater upward force at the diaphragm returns the diaphragm 
to a balanced position. The force magnitude is indicated by the 
height of the mercury column. The magnitude of the unknown 
force is determined from the effective area and the pressure at 
the diaphragm. Greater accuracy through null-balance opera¬ 
tion is effected by inserting an amplifying pilot in the nozzle 
line. These meters may be used for measuring reversing forces 
by employing two such devices, one above the other. Such 


Pressure recorder 



meters measure forces from a few pounds up to several tons in 
magnitude. 

The hydrostatic-force m-eter is shown in Fig. 7~13. In this 
system the force acts against the diaphragm, creating a fluid 
pressure in the diaphragm chamber. The fluid pressure equals 
the force magnitude divided by the effective area of the dia¬ 
phragm. This pressure is then indicated by the bourdon pres¬ 
sure-spring gage, and the calibration can be made in units of 
force. The diaphragm has a sufficiently low modulus that sub¬ 
stantially all the force is transmitted to the liquid in the cham¬ 
ber. The displacement of the diaphragm is very small, because 
the pressure spring in the indicating gage requires very little 
volume of fluid for full-scale motion. Such meters may be used 
for measurement of forces as high as 30,000 lb. 

Force measurement by electrical means is made possible by 
converting the force into a displacement at an -elastic element 
and then measuring the displacement. Thus the electric strain 
gage, either the unbonded or the bonded type, may be employed 
for measuring small forces, because the resistance wire itself may 
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comprise the elastic element. The gage previously shown in 
Fig. 7-3 is for measuring forces from about % oz to 4.0 lb. Di¬ 
rect use of the strain-gage element as the elastic element is lim¬ 
ited to small forces. 

The stress ring is one form of an clastic element serving to 
convert the force into a displacement. The stress ring in Fig. 
7-14 consists of a ring of forged steel. Forces applied across 
the ring cause a deflection in that direction, and the deflection 
can be measured by almost any of the displacement gages dis- 

Strain element (or other 



cussed in the prev^ ms section. Forces from 1 to 100,000 !b art 
measured in this manner. The change in elastic modulus v.ith 
temj)erature is about 1 per cent for an ambient-iem[)eraiiire 
change of 50^F, so that correction may be rec|i;nrcd for wide 
changes in temperature. In measuring forces of smaller magni¬ 
tude special alloy?? having negligible temperature coefficient of 
modulus can be employed in the stress ring. Obviously the ring 
is not the only structural member that can be used for an elastic 
element. The cantilever beam can be employed in a similar man¬ 
ner, and the circular shaft can be used for torque measurement. 
In measuring the power transmitted by shafts, it is possible to 
employ bonded strain gages to measure the angular twist of the 
shaft, thereby allowing the statical moment to be calculated. 

The Amsler Polar PIcmimeter 

The planimeter is a mechanical device for measuring an area 
enclosed by finite Inmndaries. It is employed for the measure¬ 
ment of areas vhcre exact calculation is not possible, either be¬ 
cause the boundaries of the area cannot be expressed by simple 
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mathematical relations or because the integrals involved cannot 
be easily evaluated. Numerical integration can be accomplished 
by using Simpson’s rule or an equivalent method. However, 
the planimcter is very simple and easy to use in measuring areas 
on pressure-versus-volume diagrams (work), on flow-rate-versus- 
time diagrams (flow quantity), and on velocity-versus-time dia¬ 
grams (displacement), and so on. 

The Amsler polar planimcter is shown in Fig. 7-15. It con¬ 
sists of two rigid arms pivoted on each other at the bearing. 



Fig. 7-15. Amslrr Polar Planimcter 

The record wheel is free to rotate, and the axis of the record 
wheel is assumed to be parallel to the axis of the tracing arm. 
The planimcter is used by fixing the pole at a point in the 
plane of the unknown area and moving the tracing point exactly 
once around the ])eriphery of the area. The planimcter is sup¬ 
ported during this operation at three points: the pole, the record 
wheel, and the tracing point. 

Consider the area A in Fig. 7-16, and suppose that the tracing 
point n follows the boundary of the area A and that the inner 
end of the tracing arm m follows some circular arc The 

pole is located outside the area A. Now, in an infinitesimal mo¬ 
tion of the tracing arm from position ?nn to position wiV, the 
area sw'ept out is ^ 

Area mm^n'n = Un + d<t> (7-1) 

See H. Lamb, An Elementary Course of Infinitesimal Calculus, Cam¬ 
bridge L^niversity Press, 1897. 
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where dn is the distance moved by the tracing arm parallel to 
itself, and d<l> is the angle through which the tracing arm rotates. 
The length of the tracing arm is 1. It should be noted that those 
areas swept out by the tracing arm in moving in a clockwise 
direction must be termed positive, and those areas swept out by 
the tracing arm in moving in a counterclockwise direction must 
be termed negative. This is automatically accomplished by the 
record wheel, since a motion of the tracing in one sense rotates 



Fig. 7-16. The Polar Planinneter in Use, Pole Exterior to Area 

the record wheel in one direction and a motion of the tracing 
arm in the opposite sense rotates the record wheel in the oppo¬ 
site direction. With reference to Fig. 7-16, it may easily be 
seen that every element of the area A' is swept out by the tracing 
arm once in the positive sense and once in the negative sense as 
the area is encircled by the tracing point. The total angle is 
zero, and, hence, 

A ^ ij^dn -h k (7~2) 


The motion of the tracing arm causes the wheel partly to roll and 
partly to slip over the surface on which it rests. The rotation of 
the wheel thus records only the motion of the tracing arm parallel 
to itself. Therefore, 

1 

cte = - dn 
7 


(7-3) 
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where B is the angular displacement of the record wheel and 7 is 
its radius. Therefore, 

A ^lyO + k (7-4) 

and the area A may be found by noting the total angular displace¬ 
ment of the record wheel. 

When the pole is located inside the area A, as shown in Fig. 
7-17, the total angular rotation of the tracing arm is not zero but 



Fia. 7-17. The Polar Planimeter—Pole Interior to Area 


27r. This is caused by the tracing arm executing a complete circle 
about the pole. Furthermore, the area swept out by the pole 
arm irdP is not indicated at all. Considering these factors, 


A 


r i"" 

-ljdn + - 



+ Trd^ 4- A: 


(7-5) 


The normal distance of motion of the tracing arm dn is recorded 
by the record wheel as 7 dB. However, when the tracing arm 
executes a complete rotation, accounted for in the foregoing equa¬ 
tion by fd* equals 2 t, the record wheel records an additional area 
equivalent to la d4>. Considering these factors. 


A = lyQ -f- ttZ^ + ird^ — 27rZa 


( 7 - 6 ) 
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We notice that the last three terms of the equation may be ar¬ 
ranged as 

A = lyO + wZ^ + k (7-7) 

where Z = V ~ and is the diameter of a 

zero circle. This circle, shown in Fig. 7-18, is the particular 
ci^'cle of radius Z from the pole, about which the tracing point 
can be moved without causing a rotation of the record wheel. 



Fig. 7-18. The Zero Circle of the Polar Planimeter 


Obviously, in tliis position there is pure slip of the record wheel. 
It is concluded that, when the boundary of the area being meas¬ 
ured is wholly outside the zero circle and the pole is inside the 
area, (he unknown area equals the area of the zero circle plus 
the indication of the record wheel. Also, when the boundary 
of the area is wholl / inside the zero circle and the pole is inside 
the area, the unknown area equals the area of the zero circle 
minus the indication of the record w^heel. Except in special cir¬ 
cumstances, the polar planimeter should not be used with the pole 
interior to an area, the boundary of which lies on both sides of 
the zero circle. In this case the area is best determined by sub¬ 
dividing the area into partial areas. 

There are several other mechanical planirneters, and ino.st of 
them employ the same principles as the polar planimeter. The 
roller planimeter i& ii.-^eful in measuring areas long in length and 
narrow in wddth. Special planirneters are available for inte¬ 
grating the circular charts of industrial recording instruments. 
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The planimeter is quite accurate in the hands of a skilled 
operator, and measurement of area to within 1 per cent is not 
difficult. In interpreting the area measured by an ordinary 
planimeter such as the Amsler polar planimeter, it must be re¬ 
membered that the coordinates of the area must be linear; other¬ 
wise, the measured area has little significance. 

Velocity cmd Acceleration 

The most accurate method of measuring speeds in the normal 
range is to measure the displacement in a measured time inter¬ 
val. The revolution counter is a device for measuring angular 
displacements. However, this method is not continuous. The 
speedometer, as employed in the automobile, measures speed but 
is not often used in industrial service. The air-speed indicator, 
as employed in the airplane, measures air speed and is simply 
a form of the pitot tube, which is discussed in the chapter on 
flow measurement. 

Continuous measurement of linear velocity is nearly always 
made in terms of angular velocity (speed) by converting the 
linear motion to a rotating motion. In measuring the velocity of 
a moving sheet of material, for example, the sheet or strip can 
be made to pass between rolls, and the angular velocity of the 
rolls is then measured. 

The d-c electric tachometer is universally used for measuring 
paper machine speeds, turbine and generator machine speeds, 
and conveyor-belt speeds, as indicated in Fig, 7-19, The ta¬ 
chometer is simply a d-c generator or magneto with a permanent- 
magnet field. The generated voltage is directly proportional to 
the speed of rotation of the armature and is usually about 6 
volts at an armature speed of 1000 rpm. The generator is de¬ 
signed to operate between 500 and 1500 rpm for the maximum 
machine speed. For measuring other speeds it is necessary to use 
d suitable gear ratio to bring the maximum armature speed 
within the limits mentioned previously. The tachometer system 
may be employed for measuring rotative speeds between about 
50 and 10,000 rpm, although theoretically any speed can be 
measured, as long as the machine to which the tachometer is 
connected has sufficient power to overcome the gear-box friction. 
As indicated in Fig. 7-19, the output of the tachometer is meas- 
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ured by an automatic-balance potentiometer. The electric ta¬ 
chometer can be used for accurate speed measurement when the 
brushes in the tachometer are maintained in good condition. 
Changes in ambient temperature usually cause an error, owing 
to the altered output of the tachometer. 


material 


Fig. 7~19. The Tachometer for Measuring Speed of Moving Sheet 

Material 

An accelerometer is a device for measuring acceleration. Such 
instruments are based on Newton’s second law of motion relating 
impulse and momentum For a mass of constant magnitude 

F = mx (7-8) 

v/here F is a force applied to a mass m, resulting in an accelera¬ 
tion X relative to axes fixed in space. It is assumed that the 
force acts through the center of grav¬ 
ity of the body. 

The seismic element of Fig. 7-20 
is employed in accelerometers. The 
mass m is supported on the frame by 
thin cantilever springs and is restricted 
to move only in the horizontal di¬ 
rection. Motion of the mass m is 
damped either by surrounding the 
mass with a viscous oil or by a mag¬ 
netic means. To analyze the motion 
of the mass m, let y be the coordinate of the frame relative to 
fixed axes at time t and x the coordinate of the mass relative 
to fixed axes at time t. The equation of motion of the mass is 
then, 


frame 



'^Cantilever springs k 

Fig. 7-20. Seismic Element 
of the Accelerometer 


Potenti - 
ometer 
instrument 



mx -b + Kx = Ky{t) -j- hyiO 
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uhcre h = damping constant 

K — elfectivc gradient of springs 
y{i) = the motion of the accelerometer frame 


Suppose that the motion of the frame is one of constant accelera¬ 
tion, or 



(7-10) 


where i/o is the acceleration. Substituting in equation 7-9 and 
solving for the steady state, we find 

(7-11) 

v^'here S is the displacement of the mass relative to the frame. 
This relationship indicates that the displacement of the mass 
relative to the frame is proportional to the acceleration of the 
frame. 

The imj)ortant use of the accelerometer is in measuring ac¬ 
celeration as it occurs in vibrations where the acceleration is not 
a constant value hut varies periodically in some manner. This 
can be investigated ® by choosing the forcing function, 

2 / = 2/0 sin (7-12) 

where co/ is the forcing frequency. Substituting in equation 7-9 
and solving for tlie steady state, we find 

1 

^ z'wir-wnw ^ 

where /3 = (ccf/con) = frequency ratio 

con — ^K/M = natural undamped frequency 
f — \^h^/4Km — damping ratio 

From this relationship it may be seen that the calibration of the 
accelerometer is different for different forcing frequencies. For 
this reason, and in order to be able to measure acceleration at 

® J. P. Den Hartog, Mechanical Vibratio7is, McGraw-Hill Book Co., 1918. 
W. T. Thomson, Mechanical Vibrations, Prentice-Hall, 1948. 
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high forcing frequencies, it is necessary to select a high natural 
undamped frequency a)„ by choosing a large spring gradient K 
and a small mass m. Also the damping ratio should be about 
0.6 of critical damping. Thomson shows that with a damping 
ratio of 0.6 the error is less than 0.5 per cent for a frequency 
ratio from 0 to 0.4. 

The measurement of acceleration using the seismic element of 
Fig. 7-20 reduces to a measurement of displacement. Generally 
this is accomplished electrically. The strain element may be 
used for the spring, and the change in resistance of the element 
is proportional to the acceleration. The arrangement of this 
type of accelerometer is shown in Fig. 7-3 and was previously 
discussed as the displacement element. For low-frequency 
measurements the indicating or recording Wheatstonc-bridge in¬ 
strument can be used. For high-frequency investigations the 
oscilloscope or oscillograpli is generally used. Accelerometers of 
the strain-element type can be emidoyed up to about 800 cps and 
for measuring accelerations up to 500 g. Another method for 
measuring the relative displacement between the mass and frame 
is to mount a single on a spring-susi)ended core and arrange 
them to move inside a stationary double coil, much like the vari¬ 
able differential transformer previously shown in Fig. 7-5. The 
imbalanced voltage caused at the double coil by a displacement 
of the core is measured and is proportional to acceleration. 

Measurement of time rate of change of acceleration x is some¬ 
times necessary as, for example, in drtcTinining tlie load¬ 
carrying qualities of vehicles. A sudden change, of acceleration 
of a body produces a change in force acting on a body. It is 
this change in force that is related to the riding quality of auto¬ 
mobiles and is important in load tiedown in aircraft, railroad 
cars, and trucks. The seismic element of the accelerometer 
(Fig. 7-20) produces a velocity of the mass relative to the frame 
proportional to the rate of change of acceleration. This is evi¬ 
dent when equation 7 -13 is inspected. Measurement of rate of 
change of acceleration, often called “Jerk,’" can be accomplished 
as indicated schematically in Fig. 7-21. If a permanent magnet 
is employed as the seismic mass, the voltage appearing at the 
coil is proportional to the time rate of cutting flux lines. There¬ 
fore, the voltage at the coil is proportional to the velocity of tlie 
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seismic mass. By employing an amplifier and oscillograph or 
other indicating means, the device can be calibrated in terms of 
time rate of change of acceleration. 

The vibrometer is used for measuring amplitude of vibrations. 
Its operation is based on the seismic element of Fig. 7-20. If 
equation 7-13 is rewritten for the steady-state condition, 

In the vibrometer it is necessary that 
the undamped natural frequency wn 
of the element be made small by the 
selection of a small spring gradient k 
and a large seismic mass m. This 
results in the seismic mass remaining 
stationary when the frame vibrates at 
high frequencies compared to the nat¬ 
ural frequency of the element. By 
employing the arrangement of Fig. 
7-21 the velocity of the seismic mass 
is measured, and this is proportional 
to the velocity of the frame. This is the basis for the velocim- 
eter. 


Stationary 
coil 


Magnet 
^(mass m) 



. Cantilever Frame 


^Cantilever ^ Frame 
springs k 

Fig. 7-21. Seismic Element 
for Measuring Rate of 
Change of Acceleration 


Problems 

7-1. A spring scale is accurately calibrated at one locality employing 
standard masses. The scale is then transported to another locality where 
the gravitational constant is different. Does the scale weigh accurately in 
the second locality? 

7”2. The force exerted by a dynamometer arm in an engine test is 
measured on an accurate spring scale. Should the value of the force so 
determined be corrected for a variation of gravitational constant? Why? 

7-3. The pneumatic-force meter in Fig. 7-12 operates with atmospheric 
pressure over the diaphragm. Would an error be caused by a change in 
barometric pressure? 

7-4. In the pneumatic-displacement gage of Fig. 7-1 is the calibration 
changed by a change in barometric pressure? Assume that the nozzle 
bilck pressure varies between 2 and 10 psig. 

7-5. If a strain-gage element is used with a gage factor of 2.0, a resistance 
of 120 ohms, and a length of 0.500 in., what is the change in resistance for 
a measured displacement of 0.005 in.? 
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7-^. Sketch a simple Wheatstone-bridge circuit arranged to provide tern- 
perature compensation when a strain-gage element is used for measuring dis¬ 
placements. Is the change in ambient temperature along the lead wires 
important? 

7 7. Explain each of the terms in equation 7-6. If the record wheel of a 
])olar planimeter is located at the midpoint of the tracing arm, is this 
equation simpler in form? 

7~S, Suppose that a polar planimeter is physically constructed so that the 
tracing point can be brought very close to the pole. Now, if the pliini- 
meter is rotated around the pole, the record wheel is given an angular 
displacement and therefore indicates an area, but the area encircled by 
the tracing point is negligible. How is this explained? 

7-9. Derive completely the equation of motion 7-9 for a seismic ele¬ 
ment. Let the forcing function for the frame he y = a, constant, and solve 
the equation of motion for the transient state. What is the condition for 
critical damping? For use as an accelerometer is this damping the best? 
Why? 

7-10. In equation 7-11 for the accelerometer is the relative displacement 
s given at the same time t as the acceleration y for a steady state? In 
equation 7-12 is the same condition true? 

7-11. In making measurements of vibration phenomena, harmonics may 
occur at frequencies several times as large as the fundamental frequency. 
Would the accelerometer likely indicate acceleration accurately for a high 
harmonic? Would the vj‘ -ometer likely indicate amplitude of vibration 
of a higher harmonic? 
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The measurement of pressure and vacuum has always been im¬ 
portant in continuous-processing industries. In a surprising 
number of chemical applications, pressure measurement is more 
important and is easier to perform than temperature measure¬ 
ment. The very rapid advance of high-vacuum techniques in 
industry during the past few years has opened a whole new field 
of pressure measurement at extremely low absolute values. It is 
essential that the engineer be familiar with methods that allow 
pressure to be measured in within 1 X 10~® psi of absolute zero. 
Such measurements are made continuously with standard in¬ 
dustrial equipment in an increasing number of industries. 

Pressure, Vacuum, and Head 

The pressure exerted by a fluid is given in terms of force per 
unit area. Therefore, the unit of pressure is not a primary quan¬ 
tity but is a derived unit, since it is based on the unit of force. 
Also pressure units are usually given in terms of force, the value 
of which is affected by the local gravitational constant. Ordi¬ 
narily, the resulting variation in pressure units is not important, 
but correction may be necessary if extreme accuracy is required. 

Absolute pressure is the total pressure exerted by a fluid. Dif¬ 
ferential pressure is the algebraic difference in two pressures. 
As a special case of differential pressure, gage pressure is the 
algebraic difference between the total pressure exerted by a fluid 
and the pressure exerted by the atmosphere. Thus, 
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Pi ^ Pa- p. 
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(8-1) 


where p, » gage pressure 

Pa * absolute pressure 

p« = atmospheric pressure existing at the time and place 
of iheasurement 

Vacuum is another special case of differential pressure and is 
defined by 

V « p, Pa (8-2) 

where V is the vacuum. It is obvious that a negative vacuum 
and a positive gage pressure are identical. 

In order to relate absolute pressure, gage pressure, and vac¬ 
uum, it is always necessary to specify the atmospheric pressure 
existing at the time and place of measurement. The standard 
atmospheric pressure or barometric pressure is taken as 14.696 
psia (760 mm of Hg column) at sea level and at 0°C. The 
actual atmospheric pressure at the time and place of measure¬ 
ment of gage pressure may vary considerably from the standard 
atmosphere, dependi'^g cn barometric conditions. 

Another unit of press are is the static pressure head or the 
liquid-column height corresponding to a given pressure. Head 
and pressure are related by 

V^yh (8-3) 

where p == pressure, either absolute or gage 
h — height of liquid column 
7 = density of liquid 

Since the density of a liquid varies^ considerably with tem¬ 
perature, the temperature should always be given if the pressure 
is expressed in units of liquid-column head. The variation of 
density of mercury and water with temperature is shown in 
Table A-18 (appendix). Correction to standard conditions may 
be made by 

(8-t) 


A, « Ap — 
la 
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where the subscript o refers to the conditions at the time-of ob¬ 
servation and the subscript s to the conditions at the desir^^d 
standard temperature. 

A unit often used for expressing high pressures is atmospheres, 
abbreviated atm. This is simply the pressure in pounds per 
square inch expressed as multiples of standard atmospheric pres¬ 
sure, or 

V 

P&tm ~ (8^5) 

Pb 

A convenient unit for expressing very low absolute pressures 
is the micron. A micron, abbreviated /x, is 0.001 mm of Hg 
column absolute pressure at 32'^F. 

The selection of one or another of the various units of pres¬ 
sure or head depends on the use made of the measurement. 
Pounds per square inch, abbreviated psig for gage pressures and 
psia for absolute pressures, is the most common. Head is often 
expressed in inches of mercury, inches of water and feet of water, 
abbreviated in. Hg., in. H^O, and ft H 2 O, respectively. Conver¬ 
sion between various pressure units is given in Table A~19 
(appendix). 

Liqxud-Columxi Manometers 

One of the oldest means for the measurement of pressure is 
the liquid-column manometer. It is the simplest, most direct, 
and most accurate of all pressure-measuring means. Manom¬ 
eters are normally limited to measurement of difTorential pres¬ 
sures less than about 30 psi; for higher pressures they become 
very unwieldy. 

The types of manometers in common use are: the U-tubc type, 
the enlarged-leg type, the well type, the inclined-tube type, and 
the ring type. 

The U-tube manometer is shown in Fig. 8-1. The vertical 
tubes (the '‘legs"') are freely connected through a metal fitting 
at the bottom. The assembly is partly filled with a manometer 
liquid such as mercury, oil, or water. If the legs of the U tube 
are vertical, for static balance, 
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P 2 — Pi ^ yh 

where h « difference in level 

y « density of manometer liquid 
p = pressure 

Here it is assumed that the density of any fluid over the 
manometer liquid is negligible. The manometer can be used for 




Fig. 8-1. Simple 
U-Tube Ma¬ 
nometer 

the measurement of pressure differential — for the 
measurement of gage pressure (pi equals atmospheric pressure). 
for the measuremerof absolute ])ressiire (pi is zero absolute), 
or for the measurement of vacuum (p 2 equals atmospluTic pres¬ 
sure). 

When the fluid over the manometer liquid is of appreciable 
density, for example as shown in Fig. 8-2, then the additional 
head must be taken into account. The equation for static bal¬ 
ance now is 

Pi ^ hp — Hd (8-7) 

where h « head of liquid over manometer 

6 « density of liquid over manometer 




Fia. 8-2. Liquid Head over a 
U-Tube Manometer 
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It is evident from this relation that, when there are several 
immiscible liquids over the manometer liquid, the measurement 
of pressure using a manometer is no longer simple. 

The enlarged-leg manometer in Fig. 8-3 is used in recording- 
type manometers, because it provides a means for obtaining an 



Fig. 8-3. Enlarged-Leg Float Ma- Fia. 8-4. Well Manometer 
nometer 


iridication of the pressure as well as a means of changing the 
.•roan of measurement. The equation for static balance is 


P2 - Pi 



( 8 - 8 ) 


where d = float displacement, inches from the zero line. Note 
that the area of both legs can be changed to provide for different 
span of measured pressure. 

The well manometer shown in Fig. 8-4 is a variation of the 
enlarged-leg manometer, the purpose of which is to make the 
variation of level in the well of negligible magnitude. The head 
can then be read directly on a single scale instead of subtracting 
two distance readings as in the U-tube manometer. For static 
balance, 



wdiere d — head, inches from the zero line. If the area of the 
w^ell is 500 or more times larger than the area of the vertical leg. 
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then the error in neglecting the area term is negligible. The 
head relation for a properly designed well-manometer is then 

P2 - Pi = yh (8-10) 


when the vertical scale is placed so as to read zero when the 
pressure differential is zero. 



eter (well type) Fio. a-O. Ring “Manometer*^ 


The inclined-tube manometer is shown in Fig. 8-5. The pur¬ 
pose of the inclined leg is to expand the scale so that lower pres¬ 
sure differentials may be read more easily. For static balance, 

P 2 ^ Pi = 7 ^1 + d sin a (8-11) 

where d is the distance, inches along the tube through which the 
level moves. When the ratio of areas A 1 /A 2 is negligible (well- 
type), 

P 2 — Pi = yd sin a (8 T2) 

The scale of the instrument can be greatly expanded by reduc¬ 
ing the angle of the inclined leg a to a small value. 

The ring differential-pressure meter in Fig. 8-6 is not a manom¬ 
eter in the true sense, but it is commonly considered so. It is 
made from a tube in the form of ring which is supported near 
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its center by a knife-edge pivot. The ring is divided into two 
parts by a partition or by separating the ring as is shown here. 
The tube is sealed by a manometer liquid. The pressures pi and 
P 2 are led to the tube through flexible connections. The rotation 
of the ring is caused by the difference in pressure acting against 
the cut portion of the tube. The rotation of the ring is limited 
by the counterweight W, If A is the area of the tube, then, for 
static balance of iiionients, 

d W 

(P 2 - Pi) = - -7 sm e (8-13) 

r A 


P, 


where it is assumed that the center of gravity of the ring itself 
without the weight W is at tlie pivot point. Note that this equa¬ 
tion does not contain the density 
of the liquid. The liquid merely 
acts as a pressure seal. The tilt¬ 
ing U-tube meter in Fig. 8-7 is 
a mercury ^^manometer^' mounted 
on a pivot or knife-edge bearing 
similar to the ring meter. Flexible 
connections are made to the top 
of the U tube so that the rotation 
of the U tube is unrestricted. The 
presvsures acting against the two 
ends of the U tube cause an angu¬ 
lar deflection proportional to the 
applied difference in pressure. 

The manometer liquid in almo.4 nni^xr.'.al use is mercury. It 
has the advantages of low freezing point ( -38®F>, high boiling 
point (4“675°F), and low vapr^r presvsure and does not 
metal and glass surfaces. It is insoluble in many common 
liquids. It has the disadvf ir ages it amalgamates or cor- 
rodea many rntials, is rxy»-nsivf^. and is }>oisonous. In some 
applications it? high density is an sd^ irnfage, whereas in others 
it 1.5 a disadvantage. 



nometer 


For lo ,v-prPssuro manometers water with cou>i‘ing agent is 
used. Often an agert i? added to reduce surface tension so that 
the capillary rise is reduced. A disadvantage of using water is 
high vapor pressure. Other raanoiueter liquids are shown 
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in Table A~20 (appendix). Most of these have important dis¬ 
advantages such as high vapor pressure or large change of 
density with pressure. Many are hygroscopic and are soluble 
in other liquids. Petroleum oils and kerosene are infrequently 
used. 

Measuciiig ElMiieiifai lor Gogo Pressure and Vacuum 

For the measurement of pressures from 20,000 psi and less, 
the elements in common use are the pressure spring (bourdon), 
the bellows, and the diaphragm. 



Gage Element 


The pressure-spring gage employs a spiral, helix, or bourdon 
tube. A pressure spring of bronze is used in the pressure range 
up to about 600 psi, a beryllium-^^opper pressure spring up to 
about 10,000 psi, and a steel or alloy-steel pressure spring up 
to 10,000 psi and higher. The most common type of the pressure- 
spring gage is the sin)pie dial pressure gage with a bourdon-tube 
eieinent for measuring gage ])ressiires or vacuums, as in Fig, 8-8. 
This type is used literariV by ti^e thousands in all industries and 
may be obrained jn »izes iVciU 2-in.-diameter dial up to 14-in.- 
diaineter in many diO'erent indicating stylos. 

The heJUncs presshve element is sijown schoinatioally in Fig. 
S-9. Generally a metallic bellows acting with the pressure on 
one side and a spring on the other is used. The pressure range 
of the system is detenxinied mainly by the effective area of the 
bellows and the spring gradient. Counnonly the bellows are of 
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brass or phosphor bronze. Often the inside of the entire assem¬ 
bly is tinned for further protection against corrosion. Some¬ 
times bellows of other materials such as Monel or stainless steel 
may be used with the arrangement shown in Fig. 8-9 somewhat 
modified. Bellows gages are commonly employed for measuring 
gage pressures or vacuums from about 5 in. of water up to 
100 psi. 

The metaUdiaphragm pressure element, similar to Fig. 8-10, 
employs a thin flexible diaphragm of such material as brass or 
bronze. The force of the pressure against the effective area of 

the diaphragm causes a deflection 
of the diaphragm. In som^ cases 
the deflection of the diaphragm 
is opposed by the spring qualities 
of the diaphragm itself^ and in 
other cases a spring is added to 
limit deflection of the diaphragm. 
The motion of tBe diaphragm op¬ 
erates an indicating- or record¬ 
ing-type instrument. Diaphragm 
gages vary widely in measuring 
range, depending on their construction. They are normally em¬ 
ployed for low pressures or vacuums up to about 5 psi. 

Instruments for indicating or recording low gage pressures or 
vacuums are used for measuring furnace drafts, air-duct pres¬ 
sures, and so on. In such applications the pressure or the vac¬ 
uum does not usually exceed 20 in. of water (about 0.7 psig). 
The nonmetallic’-diaphragm pressure element, similar to the ele¬ 
ment in Fig. 8-10, employs a flexible diaphragm of high-quality 
leather, goldbeater^s skin, or a thin neoprene-like material. The 
pressure acts against the effective area of the diaphragm, caus¬ 
ing the diaphragm to d.efac*^ the force of a fiat spring. 

The resulting displacerrciii multiplied by a suitable linkage, 
and a pointer is made to operate over a scale. The span of these 
gages is usually in inches of water. For higher pressures, a flex¬ 
ible neoprene diaphragm can be employed. Differential pres¬ 
sures can be measured by applying the second pressure to the 
other side of the diaphragm and using a sealed means of de- 
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tecting motion of the diaphragm. Some types of gages for meas¬ 
uring differential pressure may employ two diaphragms. 

The measurement of pressures in the range from 1 to 600 in. 
of water where the static pressure may be as high as 5000 psig 
or even higher is one of the most common industrial problems. 
In flow measurement, liquid-level measurement, and direct-pres- 


Restriction screw 

Fig. S-ll. Differential-Pressure Indicating Manometer 

sure measurement the differential-pressure element is used. The 
differential-pressure element employs the principles of any one 
of the pressure-gage elements, such as the enlarged-leg manom¬ 
eter, the bell gage, the bellows element, the diaphragm element, 
and the ring or tilting U-tube meter. 

The enlarged-leg mercury-manometer differential-pressure ele¬ 
ment, shown in principle in Fig. 8-3 and in more detail in Fig. 
8-11, is generally used for differential pressures from 10 to 600 
in. of water at static pressures up to 5000 psig. A metal float 
contained in one leg of the manometer follows the surface of the 
mercury in responding to changes in differential presstire. The 
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motion of the float is transmitted out of the housing by various 
mechanical and electrical means. For protecting against surges 
or sudden reversal of differential pressure, check valves (not 
shown) are used in the U tube. This is especially necessary to 

prevent blowing out the mercury. 
The leg opposite the float cham¬ 
ber is called the range tube, since 
by substituting tubes of various 
diameters the span of the meter 
may be altered. Damping of the 
manometer is accomplished by 
viscous damping through the re¬ 
striction screw. 

The hell differential-pressure 
meter is shown in Fig. 8-12. With 
this device differential pressures 

from about 1 to 15 in. of water 
Fia. 8-12. Boll Difforential-P«*«- measured. The static 

sure Gage . , 

pressure can, m some cases, be as 

high as 860 psig. The bell meter is therefore employed for lower 
differential pressures in gases. (An exception to this is the 
Ledoux bell meter of the Bailey Meter Company which is dis¬ 
cussed in the chapter on Flow¬ 
metering.) The motion of the 
bell is taken from the housing 
by various mechanical and 
electrical methods. The bell 
is arranged to close the open¬ 
ing at the top or bottom of 
the housing so that protection 
is afforded against overnuige 
and reversal of pressures. 

The bell differential-pres¬ 
sure element is shown in Fig. 

8-13. Light metal bells are 
supported on a beam pivoted 
W balances the deflection of the system. Since the liquid, usually 
an oil, merely acts as a pressure seal, the static balance for small 
deflections is 



on knife-edges. A counterweight 
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, Wd 

(Pj _ pj) - _ sm 9 (8-14) 

lA 

where A » area of bells 

I s* distance from pivot to bell support point 
$ ar angle of deflection of beam from horizontal 
d »« distance from pivot to counterweight 

Note the similarity of this equation and the equation for the 
ring meter. 

The bellows differential-pressure meter is indicated in Fig. 
8-14. This type is used for differential pressures in the range 
25 in. of water up to about 
50 psi at static pressures up 
to 2000 psig. The differential 
pressure acts across the large 
brass or stainless-steel bel¬ 
lows, the resulting motion of 
the bellows being transmitted 
out of the housing by various 
means. The motion of the 
bellows is usually opposed by 
a spring. 

The ring and tilting (7- 
tube differential-pressure me¬ 
ters are shown in principle in Figs. 8-6 and 8-7. These meters 
are generally used for differential pressures from 20 to about 
400 in. of W'ater at as high as 10,000 psig static pressure. 
The rotation of the ring is opposed by a calibrated spring, 
and no sealing means is necessary in operating the indicating 
pointer. Flexible connections to the meter tube are used. Sev¬ 
eral rings are arranged in parallel for higher differential-pressure 
range. 

Indicatiiiig ElMMiifai for Pressure Gkzges 

The various forms of industrial pressure gages differ mainly 
in the method by which the displacement of the measuring ele¬ 
ment is arranged to operate an indicating pointer. By far the 
most common method is the mechanical system, in which the 
displacement element is directly connected to an indicating 


|Pre$sure tniet 



Fro. 8-14. Bellows Differential-Pres¬ 
sure Element 
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pointer, as previously shown in Fig. 8-8, or to a recording pen. 
In most respects the indicating or recording system of the me¬ 
chanical gage is the same as the recording system of the pressure- 
spring thermometer. However, pneumatic and electrical meam 
are also used. 



Fig. 8-15. Pressure-Tight Shaft Used for Differential-Pressure Meters 


Mechanical means for transmitting motion of the float, bell, 
or bellows of the differential-pressure meter are the pressure- 
tight bearing, and the torque tube. The pressure-tight bearing 
used in nearly all types of meters is shown in Fig. 8-15. The 
shaft is lapped to a precision fit, and the bearing is made several 
inches long to provide a long path for leakage. The lubricator 

acts mainly as a seal, and it 
is remarkable that even un¬ 
der very high pressures no 
leakage and very little fric¬ 
tion exist when the bear¬ 
ing has proper maintenance. 
The torque tube, shown in 
cross section in Fig. 8-16, is 
often employed in the bel¬ 
lows meter. The outer tube 
is made from relatively thin-metal tubing and is clamped rigidly 
to the meter housing. The inner shaft is rigid, and the force 
of the bellows causes the free end of the torque tube to twist. 
The inner shaft then rotates in the same direction. The torque 
tube also serves as a spring. Thus the motion of the bellows is 
transmitted through the housing without the necessity for a 
sealed bearing. 



Fig. 8-16. Torque-Tube Shaft Used 
for Differential-Pressure Meters 
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Electrical means are also used for transmitting motion of the 
float, bell, or bellows of the differential-pressure meter. Some 
of these are the inductance-coil system, the resistance-rod sys¬ 
tem, and the magnetic clutch. 

The indiictance-coil system for differential-pressure meters is 
shown in Fig. 8-17. The float in one leg of the manometer sup¬ 
ports an armature on the inside of a nonmagnetic tube. This 
tube seals the float side of the manometer. A divided inductance 



Transmitter Receiver 

Fia. 8-17. Inductance-Bridge Pressure-Differential Meter 

coil is fixed in position on the outside of the tube. The instru¬ 
ment or receiver contains an identical divided inductance coil, 
within which is suspended a counterbalanced armature. At^ bal¬ 
ance the armatures are similarly positioned in each cbil, and the 
current flow through each coil is the same. When\he armature 
at the transmitter moves to a new position, the reactance of each 
side of the transmitcer coil differs. This causes a different cur¬ 
rent flow in each arm of the circuit. The magnetic field at the 
receiver coil is redistributed, and a net force acts ^)n the arma¬ 
ture, tending to bring the system to balance. Thereby, for every 
position of the armature in the transmitter, there is a correspond¬ 
ing position of the receiver armature, and the motion of the float 
is transmitted to the receiver pointer. Variations of line voltage 
have no effect on calibration of t!ie system. The system has 
the advantage tha^ the meter is completely sealed. A variation 
of the inductance-coil system is employed, in which the balance 
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of the bridge is detected by a galvanometer, and a reversible 
electric motor is used to position the receiver armature in the 
coil. A second variation of the inductance-coil system employs 
an electronic amplifier for detecting balance and a reversible 
electric motor for positioning the receiver armature. 

The resistance method used by the Republic Flowmeters Com¬ 
pany is shown in principle in Fig. 8-18. The mercury manom¬ 
eter is arranged with a contact-rod assembly in one leg. The 
contact-rod assembly includes about 100 resistance wires hung. 



Fig. 8-18. Resistance-Rod Pressure-Differential Meter—Republic Flow¬ 
meters Company 

vertically with the length of the wires selected so as to form a 
spiral of contact points above the surface of the mercury at zero 
pressure differential. As the mercury level moves upward, suc¬ 
cessive contacts are made between the wires and the surface of 
the mercury. Thus, the total resistance between the contact-rod 
head and the manometer chamber varies from maximum when 
none of the rods are grounded to zero when all rods are grounded. 
The instrument is then simply a form of ammeter suitable for 
recording or indicating purposes. The contact-rod assembly is 
pressure-tight, and no sealed bearings are required. 

The magnetic-clutch method employed by the Hays Corpora¬ 
tion and the Penn Industrial Instrument Company is shown in 
Fig. 8-19. The float in the mercury manometer positions the 
halls in a nonmagnetic tube below the float. The permanent 
magnet is self-centering on the steel ball, and the glass balls are 
used for additional buoyance. The movement of the float pro¬ 
duces a corresponding rotation of the magnet arm, and a pen or 
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pointer operates over an indicating scale. No pressure-tight 
bearings are therefore required. 

The pneumatic-balance differential-pressure meter is shown 
schematically in Fig. 8-20. The Republic Flowmeters Company 
employs an arrangement of 


this kind, whereas the Moore 
Products Company uses simi¬ 
lar principles in a bellows- 
type system. These meters 
are for differential pressures 
up to 400 in. of water at static 
pressures up to 600 psig. The 
mechanism is very similar to 
the pneumatic-balance pres¬ 
sure thermometer. Suppose 
pressure p 2 increases. This 
causes an upward force on the 
measuring diaphragm and re¬ 
sults in a small upward de¬ 
flection of the left end of the 
balance beam. The nght end of the beam covers the nozzle 
through which there is a continuous flow of air. The back 
pressure at the nozzle then increases, and the balancing dia- 
l)hragm pressure increases. The resultant up^vard force on the 
right side of the balance beam brings the balance beam to a 



Fig. 8-19. Magnetic-Clutch Pressure- 
Differcmtial Meter—Hays Cor])ora- 
tion and Penn Industrial In>strument 
Company 



Fig. 8-20. Pneumatic-Balance Pressure-Differential Meter—Republic Flow¬ 
meters Company 

force equilibrium. The balance beam is sealed at the point of 
entering the measuring-diaphragm caamber by a small metallic 
bellows. The bala^^cirig-diaphragm pressure is transmitted to 
the pressure receiver which is an ordinary pressure-spring insini- 
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ment of about 2 to 20 psi calibration. The pressure receiver can 
therefore be calibrated in terms of the measured differential 
pressure. The pneumatic-balance pressure gage has the ad¬ 
vantages of high speed and low dead zone. Ordinarily these 
pneumatic systems employ an amplifying pilot or relay between 
the nozzle and the balancing diaphragm. 

The electric 'pressure gage com¬ 
prises an elastic element for convert¬ 
ing pressure into displacement, and 
an electric-displacement gage for 
measuring the displacement. One 
such arrangement is shown in Fig. 
8-21 where an unbonded strain gage 
is employed with a bellows element. 
It is evident that the bourdon tube 
or the diaphragm could be used as 
the elastic element and that a vari¬ 
able differential transformer or even 
a synchro system might be employed 
in place of the strain gage. The 
electric gage is made with several 
arrangements. For example, in the 
gage of Fig. 8-21 the strain-gage 
element serves as the elastic element, and the bellows may 
have a negligible modulus. The total displacement of the bel¬ 
lows need only be about two or three thousandths ‘ of an inch, 
and this small displacement is characteristic of most electric 
pressure gages. For measuring high pressures the bellows, or 
a suitable heavy diaphragm, with a high modulus is used. The 
strain element then serves only to measure displacement of the 
bellows. 

The electric pressure gage can be used to measure absolute 
pressure if the upper side of the bellow^s in Fig. 8-21 is evac¬ 
uated. Differential pressure can be measured by applying the 
second pressure to the upper side of the bellows. The strain- 
gagc-type pressure unit is used with an automatic Wheatstone- 
bridge instrument for indicating and recording. If the electric 
gage uses other types of displacement elements, such as the vari- 
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able differential transformer or the inductance-coil system, an 
automatic inductance-bridge instrument can be used. 

Measiirement of Absolute Pressure 

Absolute pressure and gage pressure differ by a constant only 
when the barometric pressure is constant. The error in meas- 



Absolute pressure, microns 

Pia. 8-22. Useful Ranges of AbsoKite-Pressiire-Measuring Gages {Repro¬ 
duced by permusion of Distillation ProdiLcts Industries) 

iiring absolute pressure with a gage-pressure instrument depends 
on the magnitude of change in barometric pressure from normal. 
The error is about psi for every 1 in. Hg change in barometric 
pressure. For absolute pressures above 500 psi this error is negli¬ 
gible. For the measurement of absolute pressures between 50 
and 500 psi manual corrections are made to the readings of a 
gage-pressure instrument when great accuracy is desired. For 
absolute pressure below 50 psi it is better to employ methods for 
determining absolute pressure and not rely on gage-pressure 
readings. Many difterent types of absolute pressure gages are 
used, as shown in Pig. 8~22. In order to illustrate the principles 
of these gages, the discussion is limited to the bellows gage, the 
McLeod gage, the PiraAii gage, the thermocouple gage, and the 
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ionization gage. All these are industrial-type instruments and 
are used in plant service. 

The bellows gage is simply a double-bellows gage for differen¬ 
tial-pressure measurement, as shown in Fig. 8-23. The upper 
bellows is evacuated to a pressure of about 5 microns or less and 
hermetically sealed. The measuring bellows is matched to the 
same area as the upper bellows. Thus, the deflection of the sys¬ 
tem is proportional to the absolute pressure in the measuring bel¬ 
lows. Because of physical limitations of bellows and springs, 

the upper limit of absolute pressure is 
about 35 psi. Pressures down to about 
5000 microns can be measured. In¬ 
dicating and circular-chart-recording 
forms are available. 

Mercury or oil manometers may be 
used for the measurement of absolute 
pressure. Ordinary mercury manom¬ 
eters with one leg maintained at a 
high vacuum by means of vacuum 
pumps are sometimes used. Indicating 
and recording instruments of this type 
are available. The float manometer, known as the DuBrovin 
gage, is useful in the range down to 1000 microns. 

The McLeod gage element is shown schematically in Fig. 8-24. 
This type of gage is generally used as a primary standard for the 
measurement of high vacuums. It has the advantages that it is 
simple to use and that its calibration is the same for nearly all 
noncondensable gases. The gage is filled with the gas by peri¬ 
odically rotating the assembly by means of a small electric 
motor. When the gage is returned to the vertical position, the 
trapped gas is compressed to a smaller volume by the action of 
the mercury. At this pressure the height of the mercury column 
in the capillary tube is directly related to the vacuum by the 
gas laws. The capillary tube contains a fine platinum wire, the 
total resistance of which depends on the height of the mercury 
around it. The resistance of the platinum wire is then meas¬ 
ured by a resistance-thermometer-type instrument. With this 
gage, vapor traps are usually necessary to eliminate condensable 
vapors from the vacuum system. A few gases which deviate 
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from the ideal-gas law at low pressures require special calibra¬ 
tion in the McLeod gage. 



Fia. a-24. Schematic Arrangement of McLeod Vacuum Gage—F. J. Stokes 
Machine Company 

The Pirani gage ar«d circuit are shown schematically in Fig. 
8-25, It has the advantage of being simple and easy to use but 


To emf-Indicating 
Instrument 
r~' -\ 



Fig. 8-25. Pirani Vacuum Gage and Circuit 


has a disadvantage that its calibration depends on the type of 
gas in which the pressure is measured. It is useful in such gases 
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as argon, carbon dioxide, air, water vapor, helium, acetylene, and 
hydrogen. This gage operates on the principle that the heat loss 
by conduction and convection from a heated resistance wire de¬ 
pends on the pressure of the gas surrounding the wire. The 
tungsten filament is sealed into an enclosure which can be con¬ 
nected to the low-pressure point. The enclosure is usually 
formed of hard glass. The current through the filament is main¬ 
tained constant by employing the unit in a Wheatstone-bridge 
circuit, the other arm of which contains the temperature-com¬ 
pensation cell. This cell is sealed at a pressure less than 1 
micron, and any changes in ambient temperature thus affect both 
arms of the bridge in a like manner. The unbalance voltage of 
the bridge is measured by an instrument similar to the auto¬ 
matic-balance potentiometer. The o})en tube of the Pirani gage 
can be exposed to atmos})heric pressure, but this })ractice is not 
recommended, since corrosive gases affect the filament and 
change the calibration. In some cases, specially treated filaments 
are used to avoid contamination and corrosion. The Pirani-gage 
filament should not be operated above about 450°F if organic 
vapors from grease, oil, or gasket materials are present in the 
system. Higher filament temperatures decompose organic va¬ 
pors, leaving a deposit on the filament and causing a zero shift 
of calibration. Pirani gages are most useful in the range 20 to 
200 microns. Outside of this range calibration with each use 
of the gage is necessary. 

The thermocouple [therm^il) gage is shown schematically in 
Fig. 8-26. It is apparent that the basic principle of operation 
is the same as in the Pirani gage where the temperature of the 
heated filament depends on the heat loss by conduction and con¬ 
vection through the gas surrounding the filament. In the thermo¬ 
couple gage, however, the temperature of the filament is meas¬ 
ured by a fine-wire thermocouple directly attached to the fila¬ 
ment. As the diagram indicates, a compensating cell and a 
measuring cell are used with the thermocouples connected in 
series opposition so that the compensating-cell emf is subtracted 
from the measuring-cell emf. The emf output of such a cell is 
about 20 millivolts at a pressure of 500 microns. This gage haa 
about the same features and disadvantages as the Pirani gage. 
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The ionization gage (thermionic type) is shown in Fig. 8-27. 
The tube is directly connected to the point of pressure measure¬ 
ment. The tube is in the form of a friode with cathode, grid, 
and plate. The grid is maintained at a high positive potential 
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Fig. 8-26. Thermocouple Vacuum Gage and Circuit 


with respect to the cathode while the plate is held at a negative 
potential with respect to the grid. Its principle of o[)eration‘is 
as follows: Electrons emitted at the hot cathode by thermionic 
emission are attracted toward the grid, pass through the grid, 
and start toward the plate. Ems are formed by collision of the 



supply 

Fra. 8-27. Thermionic-Type Ionization Vacuum Gage 

electrons with molecules of the gas present in the tube. These 
positive ions are collected on the plate, and, as a result, a positive 
ion current exists. The amount of ion current is proportional 
to the amount of gas present, provided the electron current is 
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constant. The electrons return to the grid and are collected, 
and the flow of electrons is maintained constant by a grid-current 
regulator. The ion current is measured by an instrument similar 
to the automatic-balance potentiometer. With the ionization 
gage, low pressures can be continuously measured. At extremely 
low pressures (about oo micron) it is advisable to degas the 
tube: that is, to increase momentarily the filament current to a 
high value with the tube at low pressure, so as to heat the tube 
and remove all occluded and adsorbed gas from the tube walls, 
the elements of the tube, and the collector. This type of ioni¬ 
zation gage cannot be used at pressure above about 2 microns 
because of the possibility of burning out the filament. An ioni¬ 
zation gage is employed in conjunction with a Pirani gage to 
measure absolute pressure above 2 microns. A thermionic ioni¬ 
zation gage can be calibrated for various inert gases but is not 
reliable w^ith oxygen, hydrogen, carbon dioxide, and other gases 
that are decomposed at the hot filament. 

The ionization gage (radioactive type) is very similar in prin¬ 
ciple to the thermionic type. However, the ionization is pro¬ 
duced by collision of gas molecules and alpha-particle radiation 
from a small permanent radium source instead of by electron 
collision. The positive ions formed by collision of the alpha 
particles with the gas in the tube are collected and the positive 
ion current measured. This type has the advantage that no fila¬ 
ment is required, so that the gage is not harmed by use at higher 
pressure. 

BfMSuringf Pressures in Corrosive Fluids 

In nearly all pressure gages, the fluid in which the pressure 
is measured is conducted to the inside of the pressure-measuring 
element and is in direct contact with the element. This creates a 
problem of handling high temperature, corrosive, sludgy, or semi¬ 
solid materials. The metallic materials used in the pressure¬ 
measuring element are, variously, brass, bronze, phosphor bronze, 
copper, beryllium-copper, steel, chrome-molybdenum steel, stain¬ 
less steels, Monel, silver, and tantalum. The nonmetallic ma¬ 
terials are leather, neoprene, rubber, and glass. Often the fluid 
is in direct contact with mercury. In many applications, there 
is no selection among these materials, because one or the other 
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must be used for its spring properties. Some pressure-gage ele¬ 
ments can be protected by copper-plated, nickel-plated, cad¬ 
mium-plated, or tinned-metal surfaces. This is not always pos¬ 
sible, as for example on the inside of bourdon tubes. Therefore, 
some other method of excluding the measured fluid must be 
employed. 

The single-coil siphon^ one form of which is shown in Fig. 8-28, 
is effective in protecting a pressure-gage element from the high 



Fig. 8-28. The Steam- Fig. 8-29. Diaphragm Seal 

Gage Siphon in Pressure Measurement 


temperatures of steam. The brass coil traps condensed steam 
and limits the temperature rise in the gage. A siphon is neces¬ 
sary on all steam-pressure gages. 

The diaphragm seal shown in Fig. 8-29 is a simple but ef¬ 
fective device. The unit is usually made of bronze or cast iron 
with a neoprene or thin-metal diaphragm. The system is solidly 
filled with a liquid such as glycerin or oil. The area of the 
diaphragm is made sufficiently large that the required motion is 
almost negligible to produce the required volume change. The 
diaphragm is also quite flexible, so that the pressures on both 
sides of the diaphragm are equal. This translates the problem 
of high temperature or corrosion to the sealing unit where selec¬ 
tion of materials is possible. It has the further advantage that 
the line leading to the pressur3 gage is always filled with clean 
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oil of reasonable viscosity and cannot become clogged with 
sludge or solids. The system must be filled solidly with liquid, or 
a calibration error results. The bellows seal is a slightly differ¬ 
ent form of the diaphragm seal in which a metallic bellows is 
used in place of the diaphragm. 

The liquid seal is illustrated in Fig. 8-30. A sealing chamber, 
usually of bronze or cast iron, is interposed in the gage line be¬ 
tween the pressure gage and the point of measurement. The 



pressure-gage element, line, and sealing chamber are filled with 
a suitable liquid. When the gage and line are below the point 
of measurement, the sealing liquid must have a density greater 
than that of the fluid at the point of measurement. When the 
gage and line are above the point of measurement, the sealing 
liquid must have a density less than that of the measured fluid. 
The sealing chamber is made with sufficient area that the change 
of level of sealing liquid is small. The reason is that the pres¬ 
sure-gage calibration must be corrected for the additional liquid 
head of the sealing liquid, and this should preferably be a con¬ 
stant correction. Corrosion, sludge, and highrtemperature prob¬ 
lems are now transferred to the sealing chamber where they are 
more easily handled. 

The purge system is shown in Fig. 8-31. It is useful when a 
small and continuous flow of air or other gas through the meas- 
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uring line is suflSicient to maintain the line free from sludge. Air 
is supplied at the necessary pressure through a constant-flow 
regulator, which contains an orifice and a differential-pressure- 
controlling means. The regulator is small, simple, and inex¬ 
pensive. If the flow of air through the line is constant, then 
there is a constant pressure drop in the measuring line. The 
pressure-gage calibration can then be corrected. In most cases 
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Fig. S-31. Purge System in Pressure Measurement 

the pressure drop in the measuring line is so small in comparison 
to the pressure being measured that no correction is required. 

Static Accuracy of Pressure Gages 

The accuracy of the simple dial-indicating-type pressure gage, 
when calibrated with dry air or with a dead-weight hydraulic 
tester, is usually ±1 per cent of span above 5 per cent of span. 
The precision-type dial-indicating gage and the instrument-type 
recording gage are generally accurate to ±0.5 per cent of span 
under the same calibration conditions as listed previously. 

The sources of static error in pressure gages are the ambient 
effect, the head effect, the barometric effect, the line-loss effect, 
and the calibration shift. Ordinarily, the effect of ambient tem¬ 
peratures is negligible except infrequently in liquid-column 
manometers. 

The ambient-temperature effect in manometers is due to cu¬ 
bical expansion ol the manometer fluid. Ordinarily the error so 
caused is negligible if the ambient-temperature change is less 
than 30""F. The extent of the ambient error in pressure gages 
depends on the construction. There are two causes for ambient- 
temperature error: (1) the temperature coefficient of linear ex- 
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pansion which generally results in a zero shift of calibration, and 
(2) the temperature coefficient of Young^s modulus which re¬ 
sults in a span shift and zero shift of calibration. In mechan¬ 
ical pressure gages these effects occur at the elastic element, such 
as a pressure spring, bellows, or diaphragm, and at the spring if 
one is used. When the elastic element has negligible modulus, 
the effects are localized at the spring, and it is possible to select 
a spring having negligible temperature coefficient of expansion. 
The change of modulus with temperature is about 1 per cent per 
75°F for many materials and is not usually compensated. In 
electric pressure gages using a bellows or diaphragm of negli¬ 
gible modulus and a strain element as shown in Fig. 8-21, there 
is no effect due to temperature coefficient of expansion since the 
measurement is made directly on the basis of force. 

The head due to liquid columns in the gage line can be cor¬ 
rected by shifting the zero point of the pressure-gage calibration. 
If the liquid column in the gage line is not constant, then a corre¬ 
sponding error is introduced. By careful planning it is nearly 
always possible to avoid variable liquid columns. 

The effect of barometric-pressure changes on measurement of 
low-gage pressures or vacuums may or may not be important, 
depending on the use made of the pressure measurement. In 
measuring draft pressure, for example, it is usually necessary 
that the pressure be a constant amount above or below atmos¬ 
pheric pressure. In other processes, the performance depends 
on absolute pressure. In this case, the indicated pressure must 
be manually corrected, or automatic barometric compensation 
used, or else absolute pressure measured. 

The effect of leakage in the measuring lines will be to cause 
an error that depends on the size of the line and the size of the 
leak. A constant flow through the measuring line, as in purge 
systems, causes a constant pressure drop for which the pressure 
gage can be corrected. Unintentional leakage is easy to detect 
with liquids but more difficult to locate with colorless, odorless 
gases. In either case it is advisable to install a shutoff cock in 
the measuring line close to the point of measurement. Leakage 
may then be checked at periodic intervals. Leakage with any 
type of diaphragm or liquid seal usually results in a serious 
erroFif liot- t?eaiucorrected. 
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Calibration shift in pressure gages of the diaphragm-spring 
and pressure-spring types is mainly due to the gage being sub¬ 
jected to pressures higher than the highest calibration point. So- 
called overrange protection can be provided by employing the 
gage only in the lower part of the elastic range. This seriously 
limits the use of pressure gages, so that, as further protection, 
limit stops are usually added to the pressure-gage element. This 
prevents the element from deflecting more than a given amount. 
Even with limit stops, however, a sufficiently high pressure will 
permanently distort the element or cause a rupture. 

Response of Mechanical Pressure Gages 

The response of most mechanical pressure gages wffien meas¬ 
uring a gas pressure is typical of mass and spring systems with 
light damping. This is illustrated in Fig. 8-32 for a pressure- 
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Fig. 8~32. Response of Pressure Gages 


spring gage. When a liquid pressure is being measured with the 
pressure system liquid-filled, the response is considerably slower 
because of viscous damping. The measuring lag of pressure 
gages can usually be considered first-order type, the time con¬ 
stant depending entirely on the magnitude of viscous damping. 

The length and size of the measuring line determines the 
viscous-damping effect. Since the viscosity of gases is much 
lower than that of most liquids, liquid-filled lines need to be 
larger in diameter for a given length than gas-filled lines. Meas- 
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uring lines over 50 ft in length may seriously increase the meas¬ 
uring lag, not only because of additional damping, but also be¬ 
cause of the inertia of the liquid when the volume change of the 
measuring element is large. 

The response of pressure gages at high frequencies may be¬ 
come important in measuring rapidly fluctuating pressures such 
as impact pressures and supersonic air-flow pressures and shock 
waves. The ordinary mechanical pressure gage is not suitable 
because its natural frequency is so low, about 1 per second down 
to % per second, as is seen in Fig. 8-32. The electric pressure 
gage, such as is shown in Fig. 8-21, can be used at frequencies 
up to about 3000 cps because its mass is small and the spring 
modulus high. For pressure measurement of this kind an electric 
gage cannot be equaled. 

In using pressure gages it is sometimes difficult to obtain satis¬ 
factory measurement of a pressure exhibiting rapid fluctuations 
or pulsations, either random or periodic. In addition, the mech¬ 
anism of a mechanical pressure gage usually has low mass and 
little if any damping, but a reasonable spring gradient. There¬ 
fore, the gage itself will have a natural frequency of oscillation. 
Resonance may occur when the frequency of pressure oscillation 
matches the natural frequency of the gage. In such applications 
it is necessary to dampen the pulsations before they reach the 
pressure gage. Most methods of damping pressure gages involve 
increasing the measuring lag of the pressure-gage system so that 
it is slow and cannot respond to the pulsations. All these meth¬ 
ods must be employed cautiously, since in some cases the meas¬ 
uring lag is increased to a point where the dynamic error is ex¬ 
cessively large. 

Damping by installing a needle valve in the measuring line is 
not recommended, however, since the opening usually must be 
quite small and therefore clogs easily with dirt or sludge. 

Piston snubbers are more effective for high-frequency pulsa¬ 
tions. They operate by using the inertia of a small piston in a 
cylinder connected in the measuring line to reduce the pulsation. 
They also absorb sudden shock or surge in pressure by nearly 
closing the line. Much less difficulty from clogging is encoun¬ 
tered with them since they are self-cleaning to some extent. 
Shock waves (water hammer) in liquid-filled lines can be ab- 
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sorbed by installing an air trap in the line. This is simply a 
chamber of about 20 cu in. volume which is partly filled with 
air. Shock waves are absorbed by the cushioning or spring ef¬ 
fect of the air. 

Damping of differential-pressure mercury manometers is ac¬ 
complished by adjusting the damping valve in the U tube con¬ 
necting the legs of the manometer. Since the mercury is nor¬ 
mally clean, clogging is not usually a problem. 

Problems 

8-1. Given the following pressure measurements, convert each to abso¬ 
lute pressure in pounds per square inch: 

(a) 28S0 psia. 

(b) 34.0 in. Hg gage at 80°F and normal barometer. 

(c) 250.0 ft HoO gage at 40*’!' and norma) barometer, 

(d) 200 atm absolute. 

(e) 890 mm Hg gage at 32°F and a barometer of 790 mm Hg, 

(/) 40,000 microns absolute. 

ig) 20 in. Hg vacuum at 70°F and a normal barometer. 

(h) 30,000 kg per sq cm absolute. 

(i) 30 in. Hg gage at 60°F and a barometer of 750 mm Hg. 

8-2. In the enlarged-leg manometer of Fig. 7-4, the displacement of the 
float is to be 1.0 in., tne area of the float cliamber 10 sq in., and the 
manometer fluid mercury. For a maximum span of 100 in. Hi>0, what is 
the inside diameter of the range tube? 

8-3. In a well-type manometer the pressure-differential measurement 
must be ac'curate to within 0.01 per cent at 15 psi differential. What must 
be the ratio of tube area to well area? 

8-4. In the ring meter is the rotation of the ring for a given pressure 
differential independent of density of sealing liquid? Why? 

8-5. The bellows element of Fig. 8-9 has the following data: The ef¬ 
fective area of the biUows is 2.24 sq in., the spring rate of spring 50 lb 
per in., and the spring rate of the bellows 4.5 lb })er in. Assuming that 
the spring and bellows are both at free lengths, and that the motion of 
the bellow^s rod is 0.375 in., wha' is the range of the instrument? 

8-6. In the absolute-pressure element the upper (evacuated) bellows de¬ 
velops a leak, and tlje pre.ssure rises to 50 microns. When a pressure of 
26 in. Hg vacuum is being measured, what is the error in inches of 
mercury? 

8-7. Using references write a brief description of the operation of the 
DuBrovin (float-manometer) vacuum g<,ge. 

8-8. In the Pirani vacuum gage, the calibration depends on the kind of 
gas measured. On wiiae physical effect is this based? 
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8-9, A diaphragm seal using an oil of specific gravity 08 is installed in 
a pressure-gage line 20 ft above the center line of the gage. What is the 
static correction for the gage? 

8-10. A liquid seal is used with a pressure gage so that the sealing liquid 
surface is 3.0 ft below the pressure tap and 7.0 ft above the gage. Water 
condenses above the sealing liquid, which has a specific gravity of 2.0. 
What is the static error of the gage, if the gage calibration made with air 
is correct? 

8-11. Show that, if damping is neglected, the period of oscillation of a 
U-tube manometer is 2irVTJg where I is the total length through the 
liquid from one surface to the other. 

8-12. For an enlarged-leg manometer, is the period of oscillation changed 
by having manometer legs of different areas? Derive an expression for 
the natural period of oscillation, neglecting damping. 

8-13. Write an exact expression for the deflection versus pressure differ¬ 
ence for the bell pressure gage of Fig. 8-12. 



9* Measurement of Head 
and Level 


Measurement of level, volume, and weight of liquid and dry 
materials in a vessel is very frequently encountered, and, al¬ 
though it poses a seemingly simple problem, accurate measure¬ 
ments often become very difficult. The great variety in cor¬ 
rosiveness and fluidity of materials and the large size of many 
storage vessels along with the necessity for measuring the con¬ 
tents within a fraction of a gallon are obstacles to be overcome. 
Volume and weight measurements are the least susceptible to di¬ 
rect attack, and it is nearly always necessary to rely on pressure- 
measuring instruments. 

Head Density, and Specific Gravity 

There are basically two kinds of measurements made of liquid 
level (or even of level of dry material). The first is head meas¬ 
urement in which the level or height is directly measured by a 
float that follows the surface or by a direct-contact means. The 
second is pressure measurement in which the level or height is 
determined from the relation, 


A = ? 

y JwG 

where p *= pressure 

7 = density of liquid 

_ 7w “ density of water (usually at 60 °F) 

O « specific gravity 


(9-1) 
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If the purpose of level measurement is to determine the volume 
of liquid contained in a vessel, then head measurement is prefer¬ 
able, since 

F = jAdh + C (9-2) 

where A — area of tank or vessel, and no other factors need be 
known. If pressure measurement must be used because of details 
of particular application, then, 

/ A r A 

-dP + C - I- dP + C (9-3) 

and the measurement of volume depends on density or specific 
gravity. 

If the purpose of the level measurement is to determine the 
^veight of liquid contained in a vessel, then pressure measurement 
is preferable, since 

W = ^AdP-\-C (9-4) 


and no other factors need be known. If head measurement must 
be used, then, 


W 



dh + C ^ 



G dh -j- C 


(9-5) 


and the measurement of weight depends on density or specific 
gravity. 

If pressure at a reference point in the vessel, usually the bottom 
outlet, is the purpose of level measurement, then, pressure measure¬ 
ment obviously is preferred. If head measurement must be used, 
then, 

p ~ jh — ywGh (9-6) 

and the measurement of pressure depends on density or specific 
gravity. 

Therefore, the selection of one method or the other for measur¬ 
ing level depends on the purpose for which the measurement is 
made. 
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Density and specific gravity may also be inferred from a pressure 
measurement, since 


7 


V 

h 


(9-7) 


so that, at constant head, pressure is proportional to density. 
Also, 

(9-8) 

so that, at constant head, pressure is proportional to specific 
gravity. 


Direct Measurement of Liquid Level 

The simplest method of measuring liquid level directly is to 
use an ordinary sight glass or gage glass on the vessel. This 
method is quite effective for clean colored liquids if remote in¬ 
dication is not required. 

Electric level devices use electrodes placed in the tank to make 
electric contact when the level reaches a given point: the number 
of electrodes equal t^' the number of desired points of measure¬ 
ment. Electric signal lights or other indicating mechanisms can 
then be employed at a remote point. The use of electrodes is 
limited, since continuous measurement of level requires a large 
number of electrodes. Other electric devices employ the dielec¬ 
tric constant of the liquid to alter the electric capacitance be¬ 
tween two continuous electrodes. All these methods are gener¬ 
ally limited by the characteristics of the liquids: some are non¬ 
conducting, some are explosive, and some contain solids w^hich 
deposit on the electrodes. 

Another electrical method of liquid-level measurement is rep¬ 
resented by the Gagetron of the Engineering Laboratories. This 
device operates from a float, on which is placed a small iridium- 
platinum needle containing a small quantity of radium salts. 
The float is guided by vertical rods and follows the free surface 
of the liquid. Gamma rays emitted by the radium salts are de¬ 
tected by a Geiger-Mueller counter placed at the top and out¬ 
side of the vessel containing the liquid. The intensity of radia¬ 
tion is proportional to the square of the distance of the float to 
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the counter. The electric pulses at the counter are integrated 
and rectified to produce a direct current, which can be measured 
by an automatic-balance potentiometer-type instrument. Thus, 
the instrument can be calibrated in terms of liquid level. 

A widely used method for directly measuring level is the float- 
and-tape method shown schematically in Fig. 9-1. It is em¬ 
ployed in open vessels only. The float, usually of nickel-plated 
copper, rests on the surface of the liquid, supported by buoyant 



Fig. &-1. Float-and-Tape 
Liquid-Level Gage 



force. The float is made with a sloping top in order to avoid 
building up of solid material on top of the float, thereby chang¬ 
ing its weight. The float is connected to the drum by a thin, 
lightweight, flexible tape or cable. Slipping of the tape on the 
drum is prevented by a direct connection of the tape to the 
drum. By a suitable reduction in motion the pointer indicates 
on a scale calibrated in feet or other units. Both indicating and 
recording instruments of this type are available in ranges from 
4 in. up to 60 ft level. These instruments must be installed 
close to and preferably over the vessel in which the level is 
measured so as not to introduce extra pulleys into the tape line. 

The float-and-shaft type is shown schematically in Fig. 9-2. 
It is employed either in open vessels or in pressure vessels hav¬ 
ing up to 1000 psi internal pressure. The temperature in the 
vessel may be up to 750°F, in which case the pressure limit is 
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lower. The float-and-shaft level device is suitable for a wide 
range of liquids and semiliquids. Difficulties are sometimes en¬ 
countered when the liquid deposits solids on the float and when 
the liquid level is foaming or turbulent. The float rests on the 
surface of the liquid, and the motion of the float is taken through 
the stuffing box by the shaft. The counterweight is adjustable, 
so chat the float can be made to ride half-submerged. This is 
important, since floats are usually spherical, and this is the point 
of maximum area. The float cage may be obtained in steel or 
cast iron, and the float in copper, stainless steel, nickel, or alumi- 



Fia. 9~3. Hydraulic Remote Transmission of Liquid Level—Liquidometer 

Corporation 

num. The rotation jf t ic shaft may be converted into a change 
of pneumatic pressure by the use of a pneumatic transmission 
system similar to those described in earlier chapters. Indicating 
and recording instruments, remotely located, may be operated 
from the float when pneumatic means of transmission are used. 
Often, the motion of the float is used to operate directly a valve 
for control of level or to operate directly a recording instrument. 
The range of these instruments is restricted, and level changes 
greater than 10 to 20 in. cannot generally be measured. 

Several different means are in use for transmitting the arm 
motion of the float-and-shaft-type unit to a remote point. One 
of these (Liquidometer Corporation) is illustrated in Fig. 9-3. 
The movement of the float causes a displacement of a metallic 
bellows which is solidly filled with oil. The displacement of oil 
is carried by the tube to an identical receiving bellows at a re¬ 
mote point. The recciving-bellows displacement is equal to the 
transmitting-bell ws displacement, and the instrument may be 
calibrated in terms of liquid level or volume. Temperature com- 
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pensation for expansion of the hydraulic oil is provided. Indi¬ 
cating- and recording-type instruments are made. 

The accuracy of these free-float-type liquid-level instruments 
depends almost entirely on their installation. Usually sufficient 
manual adjustments are provided on the instruments so that the 
zero and span can be properly set after installation. By indi¬ 
vidual calibration very good accuracies can be obtained if the 
surface of the liquid is reasonably smooth and the liquid itself 
clean. For volume measurement the area characteristic of the 
tank must be known. For weight measurement the area charac¬ 
teristic of the tank must be known, and the density or specific 
gravity must be constant. Greater measurement accuracy of 
volume can be achieved in tall, slender tanks than in short tanks 
of the same volume. 

With the float-type gage- the force on the float caused by the 
buoyant effect of the liquid displaced depends on the density of 
the liquid. The greater the density, the greater the force, and, 
therefore, the effect of static friction in the system is reduced. 
The shaft and other bearings require maintenance, particularly 
when the vessel is under pressure. 

Pressure (LeveD Measurements in Open Vessels 

For pressure measurement of liquid level only a pressure¬ 
measuring instrument is required, provided that the density or 
specific gravity of the liquid is known. The most common 
pressure-gage systems employed for liquid-level measurement are 
known as: the bubbler system, the diaphragm-box system, and 
the air-trap system. The displacement-float system is also 
widely used. The following discussion is based on the measure¬ 
ment of water level. For liquids of other densities, the level 
calibration in feet or inches must be suitably modified. 

The bubbler system which is the most popular is shown in 
Fig. &-4. This system is satisfactory for nearly all liquids, even 
corrosive liquids and liquids containing suspended solids. Prac¬ 
tically the only limitation to this system is that clogging of the 
bubbler pipe may occur on a few semisolids such as chemical 
slurries. A length of 1-in. pipe is lowered into the vessel to a 
point about 3 in. above the sediment line. Air or any suitable 
gas is supplied to the pipe through a valve and sight-feed bub- 
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blor so that the gas bubbles out the open end of the pipe at a 
rate of about 3 cu ft per hr. A liquid with a flow of about 
1 gal per hr can sometimes be substituted for the air or gas 
supply. A pressure gage of suitable type is connected separately 
to the upper end of the bubbler pipe. The system operates by 
building up a pressure in the feed line until the gas escapes and 
the flow stabilizes at the rate determined by the valve or other 
regulator in the feed line. The pressure in the bubbler pipe nec¬ 
essary to cause the flow is just negligibly higher than the liquid 
head over the bubbler pipe. Therefore, the air, gas, or liquid 



Fi<i. 9~4. Bubbler Sy.-tem for Liquid-Level Measurement 


feed must be available at a pretosuiL" slightly higher than the 
maximum head to be measured. This press.ire is measured by 
the pressure gage which can be calibrated in terms of head or 
level. 

To measure the pressure, any of the instruments for pressure 
measurement are suitable. The range of the instrument depends 
on the height to be measured and the specific gravity of the 
liquid. Assuming a specific gravity of 1.0, the diaphragm pres¬ 
sure gage can be used from about 4 in. to 150 ft change in levels 
the differential-pressure meter fused as a static pressure gage) 
from about 5 in. to 400 in. level change, and a pressure-spring 
gage from about 150 in. to 250 ft. The pressure gage may be 
installed up to about 1000 ft from the vessel and can be placed 
either above or below tlie vessel. The rate of feed to the bub¬ 
bler pipe should preferably be controlled with an orifice and 
differential-pressure regulator. Often a small rotameter is used 
to indicate the flow of feed. These accessories can be obtained 
in small sizes specifically adapted to the bubbler system. Since 
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they are inexpensive, the improvement in accuracy through con¬ 
stant flow is well worth the cost. 

The diaphragm-box system is shown in Fig. 9-5. It is very 
similar to the diaphragm seal used for pressure gages, with the 
difference that the diaphragm is very slack, thin, and flexible, 
and the system is filled with air. The diaphragm box is usu¬ 
ally suspended in the vessel by a chain, or, if currents exist in 
the vessel, by a fixed support. The box is connected to the 
pressure receiver. The calculations regarding pressure, head, and 
density are the same as for the bubbler system. The instru- 



Fig. 9-5. Diaphragm-Box System for Liquid-Level Measurement 

ment may be located up to about 500 ft from the vessel and 
either above or below it. Changes in level from about 20 in. 
up to 250 ft may be measured. This system is limited some¬ 
what for use in corrosive licjuids. Diaphragm boxes are made 
of cast iron or bronze, and diaphragms are of neoprene fabric. 
To avoid corrosion or attack of the diaphragm, liquid seals may 
be used as with any pressure gage. For liquids with suspended 
solids, a liquid flushing arrangement can be made to clear the 
open end of the diaphragm box. It is essential that the com¬ 
plete system be airtight since loss of air would prevent operation. 

The air-trap system is shown in Fig. 9-6. This system is very 
similar to the diaphragm-box system except that no diaphragm 
is used; the reason is that no suitable diaphragm material can 
be found for some kinds of corrosive liquids. The pressure re¬ 
ceiver operates from the pressure of the trapped air, and all other 
details are the same as in the diaphragm-box system. The main 
limitation of this type is the possibility of slow loss of air trapped 
in the system. For this reason, an auxiliary tap should be pro- 
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vided for filling the system with air as frequently as may be 
necessary. 

The pressure measurement of liquid level is theoretically as 
accurate as the pressure gage itself. Weight determinations are 
direct when pressure measurements are used. Volume determi¬ 
nations depend on density or specific gravity. In this latter 
case, temperature variations, causing variations in density, will 
result in a corresponding error. Density variations or density 
‘^strata^^ in the column of liquid also may cause an error^ In 



Fig. 9-6. Air-Trap System for Liquid-Level Measurement 

addition, the gage reading must be corrected for various heads 
which may exist in the connecting line. 

Level Measurement in Pressure Vessels 

When a vessel contains a liquid under pressure, pressure meas¬ 
urement of the liquid level becomes much more difficult. For 
example, if a vessel contains 10 ft of water at a vessel pressure of 
100 psig, a 1-ft change in head requires measuring a change of 
pressure of about one jiart in 240. This measurement is very 
near the dead-zone limitations of many static pressure gages; 
consequently, the erior of measurement would be large. 

Differential-pressure measurement is therefore suited to level 
measurement in closed vessel:-. Any of the differential-pressure 
meters such as the mercury manometer meter, the bell meter, the 
bellows meter, the ring meter or the pneumatic-balance pressure 
meter may be used. These meters measure variations in liquid 
level as low as 1 in. and as high as 100 ft, even up to static pres¬ 
sures of 10,000 psi. 

The use of the manometer is indicated in Fig. 9-7. The rela¬ 
tion between head and float displacement is 
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where 7m ~ density of manometer fluid 
A 2 ~ area of float chamber 
Ax == area of range tube 
d = float displacement 
yi = liquid weight density 

By selecting the value of area Ai, the desired head can be prop¬ 
erly related to any given float displacement. By suitable cali- 



Fig. ^7. Differential-Pres- Fia. a-8. Use of Liquid Seals 
sure Manometei for Meas- with a Manometer 

uring liiquid Level 


bration shift, the instrument can be corrected for the head ho 
from the instrument to the bottom tap. This may be accom¬ 
plished through a mechanical shift of the pen or pointer of the 
manometer instrument or simply by adding more mercury to 
the manometer until the desired suppression is attained. 

In many cases the liquid in the vessel cannot be allowed to 
enter the meter. When the liquid is corrosive, contains sus¬ 
pended solids, or is highly volatile, it is necessary to use the 
sealing methods previously described for pressure gages. Those 
often employed are the liquid seal and the purge system. The 
use of the liquid seal is shown in Fig. 9-8. The effect of the 









Level Measurement in Pressure Vessels 257 

zero head (fti+ Ao) can be corrected by a calibration shift in the 
meter. 

Tlio differential-pressure measurement of liquid level is theo¬ 
retically as accurate as the meter itself. However, the follow¬ 
ing factors introduce variable errors: 

1. The zero head between the meter and the lowest pressure 
tap. 

2. The head of condensed liquids in the vessel pressure tap leg. 

3. The head in each leg caused by the sealing methods. 

4. The head of heavy vapor over the 
liquid surface in the vessel. 

5. The variation of densities of seal¬ 
ing liquid and condensed liquid. 

By careful planning these errors can at 
least be reduced to a minimum. 

The displacement-float-type liquid- 
level gages are also in general use, not 
only for pressure vessels, but also for 
own vessels. Thoir range is usually 
from about 14 to 180 in. change in level, 
and they may be used up to about GOO psi vessel pressure. One 
t^npe is shewn schematically in Fig. 9-9. A long float of con¬ 
stant area is suspended in the liquid in which the level is meas¬ 
ured. The weight of liquid displaced causes an upward force on 
the float, vh^ch is counterbalanced by the force exerted by the 
spring. 1 iie movement of the float is carried by the shaft to an 
indicating pointer or can be made to operate a pneumatic trans¬ 
mitting means. The displacement-float gage usually employs a 
torque tube, as described for differential-pressure meters, in 
place of the shaft and spring shown in Fig. 9-9. This eliminates 
the necessity for sealed shafts and bearings. 

The pneumatic-balance displacement-float gage is shown 
schematically in Fig. 9-10. The Republic Flowmeters Com¬ 
pany and the Moore Products Company liquid-level transmitters 
operate on these principles. The force caused by the float is 
balanced by the pneumatic servosystem, as has already been 
described in the sinilar pressure gage and thermometer. The 



Fia. 9-9. Schematic Ar¬ 
rangement—Displacement- 
Float Liquid-Lcve! Gage 







258 


Measurement of Head and Level 


range of this kind of gage may be as low as 2 in. and as high 
as the length of the float permits. Liquid head up to 60 ft has 
been measured in this manner. The pneumatic-balance level 
gage can be used on pressure vessels since the float can be sealed 
in the pressure chamber by a sealing bellows or by a sealing 

Balance bellows 




Pressure, 

receiver* 


Fia. 9-10. Pneumatic-Balance Displacement-Float Liquid-Level Meter 

diaphragm, thus eliminating the necessity for pressure-tight 
shafts. 

The accuracy of the displacement-float gage is probably bet¬ 
ter than that of any other method as long as the specific gravity 

of the liquid is not low. The dep- 

Interface leveK ® 

1 —JT source of error. 


ijr Measurement of Interface Level 

^ ^ In the measurement of liquid 
level described in the previous sec- 
^ tions of this chapter, it has been 

assumed that the surface of the 
““ liquid level was bounded by a gas 
or a vapor of negligible weight den- 

F,a. 9-11. Measurement of however, the Surface level 

Interface Level between two immiscible liquids of 

differing specific gravity or be¬ 
tween a liquid and a gas or vapor of appreciable density may 
also be measured. This is illustrated in Fig. 9-11. The rela¬ 
tion between float displacement and head of interface level, if 
it is assumed that the less dense liquid always covers the upper 
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+ (9-10) 

L\T2 - 71/ V72 - 71/j 

where 7m = weight density of manometer liquid 

7 1 = weight density of lighter fluid 

72 = weight density of heavier fluid 

A 2 = area of float chamber 

AI == area of range tube 
d = float displacement 

The calibration of the meter depends on the difference in densi¬ 
ties of the two fluids. Obviously, the measurement of interface 
level is more difficult as the density difference becomes small. 

Almost any of the liquid-level gages may be used for inter¬ 
face level, but the differential-pressure meter, the free float, and 
the displacement-float types are most commonly employed. 
With the differential-pressure meter or the displacement-float 
gage it is not necessary that the interface level be clearly de¬ 
fined, but it may extend over a height of several inches. The 
level gage will measuT’e an average position of the interface. 

Density Measurement 

The measurement of density or specific gravity may be ac¬ 
complished by two methods: (1) the pressure at the bottom of 
a column of liquid (or gas) is proportional to the density; (2) 
the weight of a given volume of liquid (or gas) is proportional 
to density. 

The measurement of liquid density using the pressure method 
is shown in Fig. 9-12. The head hi is held constant in the meas¬ 
uring tank or vessel by an overflow arrangement. The head ho 
in the reference chamber is constant, providing the reference 
liquid is nonvolatile. Therefore the differential pressure meas¬ 
ured by the manometer is that due to the difference in densities 
of the two liquids. The system is calibrated to accommodate the 
different heads in the tank and reference chamber by adding suf¬ 
ficient mercury to the manometer to bring the float to the zero 
position when the densities of the two liquids are equal. Density 
can be continuously measured if the flow of liquid through the 
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measuring tank is continuous. Note that the pressure in each 
chamber is measured by means of the bubbler system previously 
described. 

Temperature corrections are necessary with this method of 
measurement. The manometer is calibrated in terms of density 



Fig. 9-12. Liquid-Level Method of Measuring Specific Gravity or Density 

(or specific gravity) at a particular temperature. If the tem¬ 
perature of the flowing liquid varies, then it is necessary to 
measure this temperature separately and manually correct the 
manometer readings. To avoid the necessity for temperature 
correctiuns, a thermostatic heater cau be used to maintain con¬ 
stant the temperature of the flowing liquid. 



Fig. 9-13. Displacement Meter for Measuring Specific Gravity—Republic 
Flowmeters Company 

The measurement of liquid density, using the weight method, 
^s shown in Fig. 9-13, representing The Republic Flowmeters 
Company liquid-density gage. The liquid flows continuously 
in and out of the displacer chamber at a rate of about 3 gpm. 
The upward force on the balance beam is due to the displaced 
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volume of liquid. This force is balanced by the pneumatic 
servomechanism previously described. As a lesult, the pressure 
transmitted to the receiver is proportional to the density of the 
liquid. This equipment can be used for liquids having specific 
gravities 0.5 and higher. The densities of corrosive liquids can 
be measured, providing suitable materials of construction are 
selected. Also, the densities of liquids under pressure may be 
measured. Temperature correc¬ 
tions are necessary, however, if 
the temperature of the flowiiig 
liquid changes. A thermostatic 
heater may be necessary to hold 
the temperature of the flowing 
liquid constant. 

The hydrometer method can 
be used for continuously measur¬ 
ing specific gravity of liquids, as 
shown in Fig. 9-14. The level of 
liquid is maintained constant at 
the overflow tube. The hydrom¬ 
eter sinks or rises in the liquid 
as the specific gravity varies (the 
action of the hydrometer depends 
on buoyancy effect of liquid dis¬ 
placed). The lower end of the 



Fig. 9-14. Hydrometer Specific 
Gravity Meter 


hydrometer supports an armature in an ini .uctance coil, and the 
specific gravity can be remotely indicated. Usually the specific- 
gravity instrument is arranged to indicate or record the tem¬ 
perature of the liquid as well as the value of specific gravity, 
so that correction for temperature variation of specific gravity 
can be made. 

Specific-gravity meters for gases generally operate on the 
same principles as meters used for liquids. One type utilizes 
the weight of a known volume of gas contained within a float. 
The float is mounted on a balance beam so that variations in 
density of the gas cause the balance beam to deflect and ojicr- 
ate a recording device. Automatic compensation for ambient 
temperature and barometric pressure is made. Since the forces 
involved are much smaller, the balance is necessarily more deli- 
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cate than with liquids. Another common method of measuring 
specific gravity of gases is to compare the weight of a column 
of the gas with the weight of a column of air of the same height. 
A thermostatic coil is used to compensate for temperature vari¬ 
ations. 

Level Measurement by Weighing 

The simplest and most obvious vray to measure the level of a 
liquid or a dry material is to weigh the contents of the entire 
vessel. When the area of the vessel is known, the level can be 
determined. Actually, this is often done for dry materials 
where other methods fail. However, it is expensive when large 
and heavy equipment is involved. 

Weighing methods are most accurate when total weight of 
material is the important factor, rather than density, level, or 
volume. In addition, it is about the only reliable method for 

continuously determining the 
amount of dry materials in 
a vessel or tank. 


Level of Dry Materials 

Oftentimes it is merely 
sufficient to know whether 
or not a bin or vessel has a 
specified level of material. 
In this case a level indicator 
of the signaling type can be 
employed. 

The use of a signaling 
indicator, the device of the 
Bin-Dicator Company, is 
shown in Fig. 9-15. This 
device operates from a light, flexible diaphragm which mechani¬ 
cally positions a switch. The weight of the dry material in the 
bin acts against the diaphragm when the material in the bin 
reaches a desired level. These devices are satisfactory for all 
dry bulk materials of sufficient weight density. 

Probe or contact-type electric indicators may also be used. 
These may operate from the dielectric effect or from the electric 



A-c 

supply 


Pig. 9-15. Level Indicator for Dry 
Materials—Bin-Dicator Company 
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conductance of the material. In most cases it is necessary to 
select different types, depending on the characteristics of the 
material. 

Problems 

9-1. A cylindrical vessel has plane ends, diameter d, and length I, 
When the vessel is vertical (axis of cylinder vertical) and contains water, 
find an expression for: 

(а) Volume of water contained versus height of liquid level from bottom. 

(б) Weight contained versus pressure (pounds per square inch gage) at 
bottom of vessel. 

9-2. When the cylindrical vessel of problem 9-1 is horizontal, find an 
expression for: 

(а) Volume contained versus height of liquid level from bottom. 

(б) Weight contained versus pressure (pounds per square inch gage) 
at bottom of vessel. 

9-3. It is desired to know the volume contents of a gasoline storage 
tank. All other factors being equal, should direct measurement or pressure 
measurement of level be used? Why? 

9-4. It is desired to know the weight (contents of a liquid-catalyst storage 
chamber. If weighing Uiethods are too expensive, would you recommend 
a free-float level gage or a diaphragrn-box and pressure-gage system? 
Why? 

9-5. A diaphragm-box and presfure-gage system is used to measure liquid 
level in a cubical tank 10 ft on a side. The tank contains liquid of specific 
gravity 0.8 at ambient temperature. Calculate the span of the pressure 
gage. 

9-6. A Hortonsphere (a spherical vessel of diameter d) contains a liquid 
of density D under pressure. An ordinary U-tube mercury manometer is 
used to measure the level, (a) Find an expression relating level height 
to manometer differential, (h) Find an expression relating weight of liquid 
contained to manometer differential. Assume the manometer zero level 
even with the bottom of the vessel. 

9-7. It is desired to measure the level of water in a tank. If the level is 
measured with a pressure gage, and the ambient-temperature range is from 
40 to 120® F, derive an exf)ression for error in measurement due to density 
variation. Assume density varies linearly with temperature. 

9-8. A tank of cionstant cross-section area is filled with liquid to height 
ho. If there is an outlet at the bottom and the flow through tlie out¬ 
let Q is 

Q » c\^2gh 

find an expression for the lev^el in the vessel versus time. 
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9-9. A vessel of 60 ft height is filled by adding a second immiscible liquid 
(sp gr 0.6) above the first and allowing the first (sp gr 1.0) to run out 
the bottom. If a pressure gage is used to measure the pressure at the 
bottom of the tank, what is the range of the pressure gage to indicate the 
full motion uf the interface? 
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The measurement of the flow rate and flow quantity of materials 
is made primarily for the purpose of determining the proportions 
of materials introduced to a manufacturing process and the 
amount of materials evolved by the process. Secondarily, flow 
measurements are made for the purpose of cost accounting usu¬ 
ally for steam and water services. 

Measurement of flow rate and quantity is the oldest art in 
the science of instrumentation, and its history extends back at 
least to the great hydraulic and public engineering works of the 
Romans. Both before and since this time a long list of illus¬ 
trious scientific names became associated wuth hydraulics and 
fluid mechanics; a few of these are Archimedes, Toricelli, Pascal, 
Euler, Bernoulli, Stokes, Reynolds, and Prandtl. These associa¬ 
tions were brought about by the great complexity of problems in 
fluid flow, and, although there is a large body of theory that is 
useful in the study of effects, the accurate solutions to problems 
are, at the present time, founded on experimental data. 

Flow of fluids in closed pipes can successfully be measured 
by a number of methods. The head meter is the most common 
and operates by measuring the pressure differential across a suit¬ 
able restriction to flow. Area meters are very often employed, 
and they operate from the variation in area of the fluid stream. 
Velocity meters also are used to measure flow rate. Quantity 
meters are a different type which primarily measure the quantity 
of fluid passed at a given point (the time integral of flow rate). 

Flow of fluids in open channels or flumes is measured by weirs 
and by hydraulic flumes. 
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Several excellent references deserve special mention^ since it is 
neither possible nor neecssary to review all the theory and prac¬ 
tice of fluid mechanics. Fluid Mechanics by R. C. Binder^ 
and Elementary Mechanics of Fluids by H. Rouse ^ provide an 
excellent background of fluid statics and dynamics. The ASME 
book on fluid meters ^ contains a thorough discussion of theory 
and practice. Industrial practices and commercial flow calcu¬ 
lations arc given in complete detail in Gess and Irwin ^ and 
Spink.® 


Flow of Incompressible Fluids in Pipes 

If a restriction such as an orifice is introduced into a pipe 
line (Fig. 10-1), the relation between pressure and velocity can 



Fig. 10-1. Flow through a Restriction in a Closed Pipe 

be found from the law of conservation of energy. For the flow 
on incompressible ideal fluids, Bernoulli's equation is used: ® 


P 2gi 


+ Z2 


Pi , 


+ Zi 


( 10 - 1 ) 


^ R. C. Binder, Fluid Mechanics^ Prentice-Hall, 1943. 

2 Hunter Rouse, Elementary Mechanics of Fluids, John Wiley & Sons, 
1946. 

Fluid Meters, Their Theory and Application, Fourth Edition, ASME, 
1937. 

♦ L. Gess and R. D. Irwin, Flowmeter Engineering Handbook, Brown 
Instrument Co., Philadelphia, 1946. 

® L. K. Spink, Principles and Practice of Flowmetering, Foxboro Co., 
1945. 

® Symbols used conform, in general, to those given by the ASME Special 
Research Committee on Fluid Meters. 
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where p static pressure, absolute 
Vm == fluid stream velocity 
Z = elevation of center line of pipe 
p = fluid weight density 
g ~ acceleration due to gravity 

For fluid-flow measurement the difference in level (Z 2 — Zi) is 
very small, even when the pipe is vertical, since the length of 
flow measuring restrictions, such as orifices, is very small. 
Therefore, 

= - (Pi - P2) (10-2) 

P 

Measuring the flow of fluids involves determining the rate of flow, 
and so, from the equation of continuity, 

g = A2Vm2 = A,Vml (10-3) 

where A == area of flow stream 
q = flow rate 

However, the area A 2 m Fig. 10-1 is not an area that is ex¬ 
plicitly known. Furthermore, physical considerations indicate 
that the vena contracta, the point of minimum area of the flow 
stream, is located at a position along the pipe, depending on the 
flow rate. With any practical measuring device the pressure 
taps for determining the upstream and downstream pressure 
must be fixed at their selected positions. Consequently, it is nec¬ 
essary to measure the pressure at the points indicated and to 
base area and velocity measurements directly at the restriction. 
For this reason equation 10-3 is modified by adding a coefficient 
of contraction and a coefficient of velocity. Actually these co¬ 
efficients may be represented by one coefficient. Combining 
equations 10-2 and 10-3 gives 


2(7 


(pi - P2) 


q = KuA^ 


P 


(10-4) 
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where Kq = C/V^l — = flow coefficient 

C = di scharge coefficient 
^ == = diameter ratio = d/D 

d — diameter of orifice 
Z> == inside diameter of pipe 

The factor is termed the velocity of approach factor, 

since it is 1.0 if the upstream velocity Vmi is zero. To reduce the 
previous equation to a more useful form, it is often written 


q = 


irKo^^D^ 

4 



ClO-5) 


where q and (pi — P 2 ) are the variable quantities in flow meas¬ 
urement. This equation is based on flow of incompressible ideal 
fluids. 

Actual fluids are not ideal but viscous. Furthermore, the 
flow of fluids in industrial practice is almost always turbulent. 
The exact analysis of the general problem of turbulent flow 
has never been made; consequently, it is necessary to rely on the 
law of dynamical similarity that, if the flows of two fluids around 
geometrically similar bodies are also geometrically similar, then 
the two flows are dynamically similar if the corresponding fluid 
forces on the two bodies are proportional at any instant. Now, 
fluid flow through orifices is characterized by inertia forces and 
viscous forces, and these are related by the Reynolds number: 


Rd — 


pVmd 


ao-o) 


where Rd = Reynolds number, dimensionless 
Vm = average velocity of fluid stream 
d = orifice diameter 
M = absolute viscosity 

To use the symbols of the flow problem we may write the Reynolds 
number as 

4pg 

TfJLfiD 


Rd = 


(10-7j 
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If therefore the fluid flow is known for one set of conditions pro¬ 
viding a given Reynolds number, the flovv may be found at many 
other sets of conditions giving the same Reynolds number. The 
relationship of the flow coefficient K to Reynolds number and 
the diameter ratio of the orifice is given in Tables A-21, A-22, 
and A-23 (appendix). 

Turbulent flow occurs at the Reynolds number above 2000 to 
2200. As stated previously, the range of velocities, densities, 



Fia. 10-2. OrifiLc* and Pressure-Differential Measurement 

pipe diameters, and visco-ities met with in commercial practice is 
such as to result in a F ynolds number between about 10,000 
and 1,000,000, and the flow is therefore in the range of turbulent 
flow. There is an important exception to this rule encountered 
in the flow of heavy or visccus oils. In such cases the flow may 
be laminar with a Reynolds number less than 2000 or else turbu¬ 
lent but with a Reynolds number between 2200 and 10,000. In 
either case the flow oeflScients are not known (see Tables A-21, 
A-22, and A—23, appendix), and it is necessary to use a smaller 
pipe diameter to increase the Reynolds number to a point where 
the coeflScient is known. 

Measuring fluid flow with an orifice and differential-pressure 
manometer, as shown in Fig. 10-2, requires that the effect of the 
fluid over the manometer liquid be taken into account. Further¬ 
more, the pressure differential at the orifice is usually expressed 
in liquid-column height. Then, 
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Pi - P 2 = (jm - y/)h (10~8) 

where h = differential at restriction, feet liquid column height 
7m == weight density of manometer fluid 
7 / = weight density of fluid over the manometer fluid 


The flow rate is ordinarily expressed in terms of given base 
conditions, usually 60°F, and so the ratio of densities should be 
included in the final equation. 

The flow equation for incompressible fluids (liquids) is 


4 P6 




(10-9) 


where q 

Ko 

d 

D 

7m 

T/ 

P 

Pb 

h 


= flow rate at given base density (p^,), cubic feet per 
second 

= flow coefficient, Tables A-21, A~22, A-23 
== diameter ratio (d/D) 

= orifice diameter, feet 
= inside pipe diameter, feet 

= density of manometer fluid, pounds per cubic foot 
= density of fluid over manometer, pounds per cubic foot 
= density of flowing fluid, pounds per cubic foot 
= density of flowing fluid at given base condition, pounds 
per cubic foot 

= manometer differential, feet 

== absolute viscosity of flowing fluid, pounds per foot- 
second 


The only empirical fact required in the use of the foregoing 
equations is the flow coefficient K. Data on density of mercury 
and water are given in Table A~18 (appendix). More complete 
data on densities and viscosities of fluids can be found in the 
referenpes mentioned at the beginning of this chapter. 


Flow of Compressible Fluids in Pipes 

The relation between pressure and velocity for flow of a com¬ 
pressible fluid through an orifice can be found from the law of 
conservation of energy as employed in thermodynamics. Assum¬ 
ing no heat flow to or from the fluid (adiabatic flow) and no 
external work done on or by the fluid, and neglecting the very 
small datum level difference {Zi — Z 2 ), we have 
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V V ^ 

P 2^2 H—r- JE 2 ^ piVi H—-- JEl (10-10) 

^g I 

where E = internal molecular energy'' of fluid 
J = work equivalent of heat 
V = specific volume of fluid 

Employing the definition of enthalpy H gives 

Vm 2 ^ - Vmi^ = 2gJiHi ~ H 2 ) (10-11) 

For an ideal gas and if specific heats are constant, 


KR r 

/1 

yic-o/Tc-, 

Hi- -- Ti 

1 -(■ 

-) (10-12) 
Pi/ J 

J(K - 1) L 

Vi 


where K = ratio of specific heats = Cp/Cv 
R = gas constant for a given gas 
T = absolute temperature 

From the equation of continuity (conservation of n>ass), 


A2Vm2 

w =- 

V2 




Vi 


(10-13) 


where w is the weight rate of flow, pounds per second. Combining 
the foregoing equations and simplifying, we have the relation for 
isentropic flow of ideal gases, 



(10-14) 


where C is the discharge coefficient. 

It is at once evident that this equation must be simplified if 
any simple means is to be used for flow measurement. Specifi¬ 
cally we would prefer to base the flow measurement on the pres¬ 
sure differential pi - P 2 rather than on the pressure ratio 
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V 2 /Vi- This allows the use of the data on flow coeiEcient and 
Reynolds number. By employing a series expansion’' by the 
binomial theorem and dropping terms of second and higher 
order, we may write 



(10-15) 


By performing a similar expansion in a binomial series it may also 
be shown that 





(10-16) 


Substituting these relations in equation 10-14 and simplifying 
yields 


w ~- 

4 



2^(Pi - P 2 ) 



(10-17) 


The velocity of approach factor [1 — can be included 

in the value of flow coefficient K. The flow-coefficient tables 
show that the value of the flow coefficient is not influenced to any 
appreciable extent by a reasonable variation of the pressure ratio. 
Therefore, the velocity of approach factor can be taken as (1 — fi*), 
and equation 10-17 reduces to 


C /2(7(pT - P 2 ) 
""" 4 vT^\ .1 


(10-18) 


This equation, however, is the simple hydraulic equation for in¬ 
compressible fluids. It applies to flow of compressible fluids only 
when the change in density or specific volume is small. It is 
necessary to establish the range of validity of equation 10-18. 
This can be done by comparing the compressible flow rate to the 
incompressible flow rate: 


7 By writing P 2 /P 1 = 1 — as. 
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w (compressible flow) 

fjy — -- 

w (incompressible flow) 

where <t> is termed the rational expansion factor. It is indicative 
of the error in the simple equation, and 




1 a ( 


r-(B' 

K+l)/K - 

/(\-‘) 

'0 

p 

p 


m 


(10-19) 


The value of the rational expansion factor and the error in 
equation 10-18 are given in Table 10-1. 


Table 10-1. Value op Rational Expansion Factor 
(/3 0.5 and K 1.4) 


n 

Pi P2 


% Error in 
Equation 10-18 

pi 

Pi 

4> 

(1 - <^)100 

1.000 

0.000 

1.000 

0.000 

0.990 

o.or. 

0.994 

0.6 

0.980 

0.020 

0.9884 

1.16 

0.960 

0.040 

0.9765 

2.35 

0.940 

0.060 

0.9646 

3.54 

0.920 

0,080 

0.9526 

4.74 

0.900 

0.100 

0.9405 

5.95 

0.800 

0.200 

0.878 

12.2 

0.700 

0.300 

0.812 

18.8 

0.600 

0.400 

0.744 

25.6 


In industrial practice, the pressure ratio P 2 /P 1 is often greater 
than 99 per cent, and the simple flow equation 10-18 may be 
used. When the pressure ratio is less than 99 per cent, there is 
too great an error in the calculation, and it is desirable to correct 
the equation without having to employ the rational expansion 
factor of equation 10-19. An empirical expansion factor has 
been determined for orifices using flange taps or vena-contracta 
taps 


r = 1 - 1 O. 4 I + 0.35/3^1 -^1 [- 

L Pi J IK] 


(10-20) 
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The expansion factor for orifices using pipe taps is ' 


F = 1 - [0.333 + 1.145(|9=* + 0.7/3* + 12^^^)] 

(10-21) 

The expansion factor Y is dimensionless. 

When the gas contains appreciable moisture, a further correc¬ 
tion is required to account correctly for the density of the vapor. 
The moisture factor M is 

, . Pv /Gv \ 


M = 1 + 


(I-) 


( 10 - 22 ) 


where pv = vapor pressure 

Gv = specific gravity of vapor referred to air at the same 
conditions of pressure and temperature 


The specific volume of the gas may be found from 


(10-23) 


where y = compressibility factor 

R = gas constant (2.70 in this equation) 

The compressibility factor is found from compressibility charts ® 
and is defined simply as a number that corrects the ideal-gas law 
to actual pressure, volume, and temperature data. The value of 
the compressibility factor is approximately 1.0 for many ordi¬ 
nary conditions of pressure and temperature. 

The flow equation for gases is 


4 Ml 



- ■n/2oA 


(10-24) 


® See ASME Fluid Meters, loc.\cit. The empirical expansion factors 
should be used only in the limits 0.8 10 for which they are 

accurate to within dbO.5 per cent for all gases and vapors except steam, 
For steam they are accurate to within ±1.0 per cent. 

®See Gess, loc. cit. 
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= flow rate at given base temperature Tb and pressure 
Phj cubic feet per second 
= flow coefficient, Tables A-21, A-22, A~23 
= diameter ratio, d/D 
= orifice diameter, feet 
= inside pipe diameter, feet 

= density of manometer fluid, pounds per cubic feet 
== acceleration due to gravity, feet per second per second 
~ manometer differential, feet 

~ specific volume of gas at upstream conditions, cubic 
feet per pound, equation 10-23 
= specific volume of gas at base conditions, cubic feet 
per pound, equation 10-23 

= moisture factor at upstream conditions, equation 10-22 
= moisture factor at base conditions, equation 10-22 
= expansion factor, equation 10-20 or equation 10-21 
= absolute viscosity of flowing fluid, pounds per foot- 
second 


The only experimental data required for gas-flow calculations 
are values for the flow coefficient K and the compressibility fac¬ 
tor X. The flow coefficients are given in Tables A-21, A-22, 
and A-23 (appendix). The Reynolds number for flowing gases is 


4 q 

Rd^ -^ (10-25) 

TT 

The compressibility factor (often denoted by fi or Z) may be 
found from any compressibility chart. Values for density, spe¬ 
cific volume, specific gravity, viscosity, specific heat, and gas 
constant may be found in a number of handbooks. 

For the flow of a vapor such as steam, the only modification 
required in equation 10-24 is the inclusion of the density of the 
liquid over the manometer liquid. The equation for flow of a 
vapor is given by 

4 Mh \ vi 


(10-26) 
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where y/ is the density, pounds per cubic foot, of the condensed 
vapor over the manoincter liquid; the other values have been 
given previously. 

For all flow equations for orifices, that is, those for liquid, 
gas, and vapor, one further correction is required if the tempera¬ 
ture of the flowing fluid is high. Thermal expansion of the metal 
of which the orifice plate is constructed increases the orifice 
diameter. The diameter ratio p remains approximately constant. 
The correction for thermal expansion can be made by multiply¬ 
ing the flow rate q by 

1 + 0.000015f 


where t is the temperature at the orifice plate in degrees Fahrenheit. 
Ordinarily, this correction is small. 

A limitation to the maximum flow rate of gases exists when the 
pressure ratio j) 2 /V\ becomes small. This can be investigated 
by setting 

dw 

— = 0 (10-27) 

dVr 

where pr = P 2 /Pi- Performing this operation on equation 10-14 
and assuming that the specific heat ratio is not a function of 
pressure ratio yields 

{K + 1) {~j - (X - 1)0^ = 2 (10-28) 


A simplification of the solution to this equation results if the 
second term is neglected in comparison to the other two. Then, 


V2 


Pi 



(10-29) 


This pressure ratio is called the critical pressure ratio, because it 
is the condition for maximum flow of gas through an orifice or 
other such restriction to flow. For air the critical pressure ratio 
is approximately 0.528. 

Of greater significance is the fact that, when the pressure 
ratio is less than the critical value, the flow rate does not depend 


i^See Gess and Irwin, loc. cit. 
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on the pressure difference but only on the upstream pressure pi. 
In industrial practice this condition is rarely encountered when 
measuring fluid flow in pipe lines. On the other hand, when 
the fluid is discharged through an orifice or nozzle into the at¬ 
mosphere, the upstream pressure is often great enough so that the 
pressure ratio is less than critical. In the latter case the flow 
rate must be computed by equation 10-14 in which the critical 
pressure ratio is used. 

Orifice Installations 

The restriction to flow in the pipe line most often takes the 
form of a thin-plate square-edge orifice. Figure 10-3 illustrates 
three types. 

Hole to 



The concentric orifice is by far the most widely used. The 
segmental and eccentric orifices are used for measuring flow of 
fluids containing solids. In both, the orifice plate is located so 
that the bottom of the hole is nearly flush with the bottom inside 
of the pipe, as shown in Fig. 10-3. The segmental and eccentric 
orifices require special calibration since the standard flow coeflS- 
cients are usable only for standard thin-plate, concentric orifices. 

The concentric orifice plate is made of flat metal sheet wdth a 
circular hole, and it is installed in the pipe line wdth the hole 
or orifice concentric to the pipe. Orifice plates are made from 
steel, stainless steel, Monel, phosphor bronze, or almost any 
metal that will withstand the corrosive effects of the fluid. Its 
thickness is only sufficient to withstand the buckling forces 
caused by the pressure differential. The circular hole or orifice 
is carefully made with 90^^, square, sharp edge upstream because 
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this type can be manufactured more uniformly than one with 
round edges. 

Wear and abrasion of this sharp edge greatly affect the ac¬ 
curacy of the orifice-flow measurement. It is necessary to err 
on the side of safety in selecting an orifice-plate material that 
will withstand the erosive effects caused by the fluid. In some 
cases it is advisable to replace the orifice frequently to maintain 
accuracy. In this respect a venturi tube may be worth con¬ 
sideration. 

The orifice with flange taps (Fig. 10~4) is constructed so that 
the taps for measuring pressure differential are an integral part 




Flange taps Pipe taps 

Fig. 10-4. Orifice with Flange or Pipe Taps 

of the orifice assembly. The taps are usually located 1 in. 
either side of the orifice plate. This arrangement has the ad¬ 
vantages that the orifice assembly is easily replaceable, no alter¬ 
ations in the pipe are required, and the pressure taps are accu¬ 
rately located. 

The orifice with pipe taps is shown in Fig. 10-4. The pipe 
taps are made directly in the side of the pipe: the upstream tap 
located 2% pipe diameters from the orifice, and the downstream 
tap located 8 pipe diameters from the orifice. With this type, 
only the permanent pressure differential across the orifice is 
utilized; this differential being smaller for a given flow than 
with either flange taps, or vena-contracta taps. Pipe taps are 
commonly used in measuring the flow of gases. 

The orifice with vena-contracta taps (Fig. 10-5) is arranged 
so that the downstream pressure tap is located a variable dis¬ 
tance from the orifice, depending on pipe and orifice size. The 
taps are made directly in the pipe with the upstream tap one 
pipe diameter from the orifice and the downstream tap at the 
vena contracta. The location of the downstream tap is indi¬ 
cated in Fig. 10-5. The vena-contracta tap arrangement has 
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Distance ratio, djD 

Fig. 10-5. Orifice with Vena-Contracta Taps 

Flow disturbances in the pipe line adjacent to the orifice 
greatly alter the value of the flow coefficient K. The flow co¬ 
efficients were determined experimentally in tests on straight runs 



n 


A—Li to valve or regulator 
B-Lj to 2 bends not in same plane 
C~Li to 2 bends in same plane 
B-Lj to any bend 
B-Lo to any fitting or bend 



h— 


‘ Xf2 -^ 


0l_L.,.J_1- -i 1 - 1 i I 

0 0.2 0.4 0.6 0.8 

Diameter ratio, djD «/3 

Fig. 10-6. Location of Orifice .Adjacent to Valves, Fittings, and Bends 


of smooth pipe. Pipe finings of an> kind cannot be used near 
an orifice. There sh'uld be no fittings closer than 5 pipe diame¬ 
ters from the orifice on the downstream side. There should be 
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no fittings closer than about 20 pipe diameters upstream. These 
figures may vary somewhat depending on the diameter ratio /3 
and the type of fittings as indicated in Fig. 10-6. By employing 
straightening vanes, a bundle of smaller tubes welded inside the 
pipe, these upstream distances can be reduced somewhat. Any 
other flow disturbances which cause a change in velocity distri¬ 
bution in the pipe will cause an error. These are, for example, 
excessive roughness on the inside surface of small pipes and 
heavy sediment on the bottom inside surface of the pipe. 

Example of Orifice Liquid-Flow Calculation 

Given: A 2.280-in. orifice is installed in a 3-in. standard pipe. The orifice 
is arranged for vena-contracta taps, and a mercury manometer reads 10.80 in. 
Hg at 80 ®F. The temperature of the flowing water is 200®F. Find the rate 
of flow in gallons per minute based on 60®F. 

D = standard 3-in. pipe =» 3.068 in. « 0.256 ft 
/3 » 2.280/3.068 * 0.743 

== 845 (Hg at 80 °F) lb per cu ft 

« 62.2 (water at 80°F) lb per cu ft 
p =* 60.1 (water at 200°F) lb per cu ft 
= 62.4 (water at 60°F) lb per cu ft 
h = 0.900 ft 

M ^ 0.00021 (water at 200°F) 

CalculcUion: 

g = ^ JCo(0.743)=‘(0.256)" V2ff(0.9) 

4 62.4 

q » 0.747AO 

^ 4 eO.l Xq _ 

^ “ X 0.00021 X 0.743 X 0.256 


Rd - l,900,000g 

Note that calculations of Reynolds number to two significant figures is suffici¬ 
ent. It is necessary now to estimate the Reynolds number before the flow 
coefficient can be selected. Assume that the Reynolds number is 1,000,000. 
The flow coefficient is found from Table 9-1 at corresponding values of 0 and 
Rd* 


0.728 



Example of Orifice Gas-Flow Calculation 281 

The flow is therefore 

g * 0.747 X 0.728 « 0.544 cfs 

Next check the Reynolds number to determine whether a correction of Kq is 
necessary. 

Rv * 1,020,000 

Since the Reynolds number is very close to the estimate, a recalculation is 
unnecessary. There are 7.48 gallons in a cubic foot, and the flow is 

q « 244 gpm Arts, 


Example of Orifice Gas-Flow Calculation 


Given: A 3.00-in. orifice with flange taps installed in a 10-in. standard pipe. 
Air containing a negligible amount of moisture flows through the orifice at 
the rate of 40,000 cu ft per hr at standard conditions of 14.70 psi pressure and 
60 °F temperature. The actual temperature of the air is 200°F, and the actual 
upstream pressure is 100 psig. Find the differential pressure in inches of 
mercury at 70°F. 

D (standard 10-in. pipe) « 10.02 in. * 0.835 ft 


/3 « 3.00/10.02 « 0.300 
7m «« 845 (mercury at 70°F) lb per cu ft 




yRT 1.0 X 53.3 X 660 
p " 115 X 144 


21.3 cu ft per lb 


Vb 


VbRTh 1.0 X 53.3 X 520 
“ 14.7 X 144 


13.1 cu ft per lb 


M « 0.0000145 


q « 11.1 cfs 


Calculation: 

Rd 


4 11.1 

^ 0.0000145 X 21.3 X 0.300 X 0.835 


570,000 


If these values are used for Rd and the discharge coeflScient is 

Ko « 0.601 

The pressure differential can be calculated after determining the expansion 
factor: 


2 


1 
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where it has been necessary to estimate the pressure differential as 2 psi. 
Therefore, 

11.1 ■= ^ 0.601(0.300)=i(0.835)* X 0.994 X X 

4 l.W 21.«> 

and 

h « 0.32G ft Hg =* 3.91 in. Hg Ans, 

The result comes reasonably close to the estimate made previously so that the 
expansion factor V does not require recalculation. 

jThe Venturi Tube 

The venturi tube is shown in Fig. 10-7. The Herschel stand¬ 
ard design is the type most often used. The short venturi is 

Upstream Throat 



Fig. lQ-7. Venturi Tubes 

particularly adapted to installation in pipe lines not having 
long, unobstructed runs. The flow of fluid through the venturi 
tube establishes the pressure differential, which can then be 
measured and related to the flow rate. The venturi tube is usu¬ 
ally made of cast iron or steel. In many cases the throat (the 
smallest section) is made a separate assembly of bronze so that 
it can be easily replaced. Very large venturi tubes may be 
made of smooth, poured concrete. The entrance section of the 
standard venturi has about 20"" included angle and the exit 
section about 7° included angle. The pressure taps are made 
at piezometer rings so as to “average’’ the pressure measure¬ 
ment around the periphery. The diameter ratio .of the venturi 
tube is the ratio of the throat diameter to the pipe-line diameter, 
usually between 0.25 and 0.50. 
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The advantages of the venturi tube are many, as opposed to 
its main single disadvantage of high cost. It has the highest 
accuracy of all pressure-differential flow elements when it is 
properly installed and calibrated, and its reproducibility is high. 
The permanent pressure loss in a venturi tube is usually much 
lower than in an orifice of the same capacity. Further, the 
venturi is less subject to wear and abrasion and is less likely 
to become clogged with sediment. The venturi tube can he em¬ 
ployed for measurement of extremely large w'ater-flow rates 
15,000,000 gal per hr and higher). 

The venturi tube should be installed in a straight run of jupe 
with no pipe fittings, valves, or obstiuc tions less than 5 pipe; 
diameters upstream. If this condition cannot be met, straight¬ 
ening vanes should be used. Fittings downstream have little 
effect on accuracy. 

The flow equations for venturi tubes arc the same as those 
for ■^he orifice with the exception that the discharge coefficient 
is 'liiTerent. For flow of liquids, 




(10-80) 

4 pq 

T p^D 


(10-31) 


where q = flow rate, cubic feet per second 
CvT ~ venturi discharge coefficient 
= diameter ratio = d/D 
d = venturi throat diameter, feet 
D == pipe diameter, feet 

7m = weight density of manometer fluid, pounds per cubic 
foot 

7 / = density of fluid over manometer fluid, pounds per cubic 
foot 

p = density of flowing fluid, pounds per cubic foot 
h = manometer differential, feet 

fi = absolute viscosity of flowing fluid, pounds per foot- 
second 
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For the flow of gases or vapors the “hydraulic” equation can 
be used, 

_ ju,(y. - r/) ^ 

^ 4VT^JIf6V t;i 
and 

4 g 

=-^ (10-33) 

ir fiVi^D 

where <t> = the rational expansion factor 

Vi = specific volume of gas at upstream conditions, cubic 
feet per pound, equation 10-23 
Vb == specific volume of gas at base conditions, cubic feet 
per pound, equation 10-23 

Ml = moisture factor at upstream conditions, equation 10-22 
Mb — moisture factor at base conditions, equation 10-22 

The definitions of other symbols have been given previously. 
When the flow of gases is measured, the liquid density y/ is gen¬ 
erally negligible. 

The venturi discharge coefficients Crr are known for the 
Herschel standard design made by Builders Iron Foundry and 
Simplex Valve and Meter Company. For unusual sizes of the 
standard venturi and for the short venturi tube the discharge 
coefficient must be obtained from the manufacturer or by cali¬ 
bration test. Normally the discharge coefficient is greater than 
0.90 and less than 1.0. 

The venturi nozzle is a short venturi tube which has the ad¬ 
vantages of fitting more easily into pipe lines. The entrance 
and exit sections are shortened and rounded as shown in Fig. 
10-8. Their flow coefficients are given by the manufacturer, or 
they must be determined by test. 

The flow nozzle is a further variation of the venturi in which 
the exit section is omitted so that it resembles an orifice with a 
well-rounded upstream edge as shown in Fig, 10-9. The up¬ 
stream (high-pressure) tap is usually made about one pipe di¬ 
ameter from the entrance to the nozzle. The downstream (low- 

^^See ASME Fluid Meters, loc, cit. 
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pressure) tap is usually made in the pipe directly opposite the 
straight port>ion of the nozzle. The flow coefficients of flow noz- 



Downstream 



Fig. 10-9. Flow Nozzle 


zlcs are known to some extent, but it is usually best to rely on 
\he manufacturer. 


Example of VenturbFlow Calculalion 


O.'vcn: \n 8 X 4-ia. wnluri tiibe is ioi^tallcd in an ay'n, hoavy 8-iri. j.-ipo. 
rh<; jan’otor uf lb.? pipe is 7.025 and tl }m (t diameter of the 

venturi is 4.023 in. tio'.vs through tlx* verdnri 40*F. The ditier- 

eriu&i pressure is 20 iu. H- at 80'F. Find the .t w in pc^urd.: per hour at -WF. 

D - 7.025 in. - 0 >.35 ft 

=* 4.023/7 025 - 0.528 

7 m = 845 (Ilg at SO^F), pounds per cuL'ic foi t 
7/ — 62.2 (water at 80^F), pounds per cuIjic foot 
p =» 62.4 (water at 40 "F), pounds i)er cubic foot 
h - 1.67 ft 

M ~ 0.0010 (water at 40°F) 


Calculation: 

r Cvr(0.528)2 X (0.635)2 . r m5 ^ 62,2) ' 
^ “ 4 (0.528^ " —T2A~ 

id 

q “ 3.40Cv r 


Rd 


_4 . < 62.4 X q 

T X o.ool X 0.528 X 0.635 


Rd - 237,000? 
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To deternanft Cyr we use the tabU' on page 10() of ASME Fluid Meters. 
\ (*ntLiri coefficients are us\ially close to l.O. ]f the ideal flow, 3.40 cfs, is 
the Reynolds nunibei is 800,000, and the table givt s Cyr =“ 0.982. The 
flr)\v i.-^ thcrefon; 

g - 3.34 cfs 

and no roa’iilculatiori for a new Reynolds number is n(‘ix‘s.sary. The flow’ is 
w ~ 750,000 Ib per hr Ans. 


Pitot Tube 

The }ntt)t tube is primarily a device for measuring fluid ve¬ 
locity. The principles employed in the pitot tube are sliovvn in 

Fig. 10-10. A flow stream in 
a pif>e line lias a given velocity 
V and a given static pressure 
Pi in a stream tube directly in 
line witli a solid body which 
is held stationary in the lupe. 
As the fluid in the stream tube 
approaches the body, the fluid 
particles are decelerated until, 
at a point directly in front of 
This point is called tlie stag¬ 
nation point. Accompanying the deceleration is an increase in 
pressure from pi to P 2 . The process taking place in the fluid 
is one of converting the “velocity” head to an additional static 
head. If therefore the pressure difference {po — Pi) can be 
measured, the velocity of the fluid in the stream tube may be 
found. Note that this measurement has little practical relation 
to the velocity in other adjacent stream tubes. 

The sketch of the pitot tube in Fig. 10-11 shows a type often 
used for flow of liquids. It consists simply of a tube supported 
in the pipe with the impact opening of about % diam¬ 

eter arranged to point directly toward the oncoming fluid. This 
is called the impact opening and is used to measure the stagna¬ 
tion pressure. The static pressure is measured through the ordi¬ 
nary pressure tap or through a piezometer ring in the side of 
the pipe line. 

A combined pitot tube is shown in Fig. 10-12. The static- 
pressure openings are made directly in the pitot-tube assembly, 



Pressure 

Fig. 10-10. Flow around a Solid 
Body 

the body, the velocity is zero. 
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the stagnation pressure being measured through the inside tube 
and the static pressure through outside tube. The static- 
pressure measurement made at tin; ])itot tube may be slightly 
in error because of eddies around the pitot-tube assembly. 

The main advaniages of the pitot tubes are that installation 
is relatively simple and they are readily adaptable for flow 
measurements made in very large pipes or ducts. They can be 
employed in either open-channel streams or pipes. The pressure 


Impact- 



Fic. 10" 11. Fitot Tube—Short 
Single-Opening Tvpt^ 


Impact- 



Fio. 10-12. Combined Pitot Tube 


loss caused by tlie pitot tube is, of course, very small. The 
pitot tube is about the only means by which a velocity traverse 
of a large pipe or duct can be made. The main disadvantage 
of ilu' pitot tube is that it cannot be used in fluids containing 
solid particles. 

The energy equation f('r the flow of liquid may be written, by 
referi’ing to Fig. 10-10, 

^ ^ Pi ^ iV 

P P 2g 

where any difference in height to a datum line (Z 2 
and where 

P 2 = stagnation pressure, absolute 
Pi = static pressure in flowing fluid, absolute 
p — weight density of flowing fluid 
Vi = velocity of fl<»wing fluid in a stream tube in line with the 
axis of the impact opening 


(10-34) 
— Zi) is ignored 
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Solving for velocity and introducing a velocity coefficient and the 
manometer head, we find 


Vi 



(10-35) 


where Vi 
CpT 

Tm 

y/ 

p 

h 


velocity of flowing fluid, feet per second 
velocity coefficient 

density of manometer fluid, pounds per cubic foot 
density of fluid over the manometer fluid, pounds 
per cubic foot 

density of flowing fluid, pounds per cubic foot 
manometer differential, feet 


The energy equation for the flow of gas may be written 


Fi^ 

V 2 P 2 “b J^2 ^ H— -b (10—36) 

2(7 

where v = specific volume 

E == internal (molecular) energy 


Assuming that the T’atio of specific heats is constant and that the 
process is adiabatic and reversible, there results, 


Fi = 



(10-37; 


where K = ratio of specific heats = cp/c,,. For industrial use 
it is desirable to measure the pressure differential (po ~ pi) 
rather than the pressure ratio (p 2 /pi)- Employing an expansion 
by the binomial theorem, we may write 



(K - IX 

(i--) 

V K ) 

\ J 


(10-38) 


where terms of second and higher order are discarded. Substituting 
in equation 10-37 gives 


Vi = V2gviip2 - Pi) 


( 10 - 39 ) 
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For gases flowing at low velocity and high static pressure the 
error in using equation 10-38 is small Fortunately, in nearly 
all industrial applications, the gas velocity Vi is about 10 to 40 
fps, and the gas pressure is about 65 to 165 psia, and equation 
10-39 may be employed with good accuracy.Introducing the 
manometer head and a flow coefficient, 

T’l = CpT Viy^ - yf)vi V^h (10- 40) 

where Vi is the specific volume of the flowing gas, cubic feet 
per pound. If the gas contains an appreciable amount of mois¬ 
ture, the specific volume Vi requires correction by employing the 
moisture factor as given in equation 10-22. The pitot tube 
should be used cautiously in measuring the velocity of flowing 
vapor, because condensation of liquid in the impact tube wouM 
destroy the calibration. 

Tiie velocity coefficient of the pitot tube is varied by the de¬ 
tails of construction, and no standardization of pitot-tube con¬ 
struction has been made. Consequently, the velocity coefficient 
mjst be either determined by test, or obtained from the inanu- 
It is, however safe to assume that the velocity coeffi- 
ciert r. r ll.c pitot tube with a short impact-opening extension 
(Fig. Will be between U.84 and 0.88, and between 0.98 

and 1.02 for a pitot tube with a long impact-opening extension 
(Fig 1*' 12). It is assumed that the impact opening of the 
pitot tube faces directly into the flow stream without more than 
a 3"^ angle het -vtcn the axis of the opening and the axis of the 
pipe. 

The ordinary pitot tube has no provision for changing its 
range of operation; that is, the velocity and the pressure differ¬ 
ential are the only variables employed in calibration. Thus, 

12 The error in this formula caused by discarding terms higher than seo* 
ond is, if the ratio of specific heats is taken as 1.4, 

0 0.1 0.2 0.4 0.6 

Pi 

Error % .. +1.4 +3.1 +5.5 +15 

For a more accurate form of the equation at high velocity and low 
pressure see S. A. Moss, “Flow of Air and Other Gases with Special Refer¬ 
ence to Small Pressure Differences,” Am. Machinist (Sept. 20, 1906). 
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for a small velocity of flowing fluid, the pressure differential is 
so small that its measurement becomes difficult with practical 
industrial instruments. For this reason, a variation of the pitot 
tube shown in Fig. 10-13 is often used. The impact opening 
faces directly upstream, and the “static^’ opening faces directly 
downstream. |The pressure differential is greater than in the 
ordinary {)itot tube because “suction” head is added to the dif¬ 
ference of stagnation pressure and static pressure. Another ar- 

^ rangement for obtaining greater 

Stagnation- i i ^ 

pressure iuaion • difterential pressure at low flow is 

connection |fei3>^onnection to construct a small venturi-shaped 

siiield around the impact opening 

gQ iq increase the local velocity 

flow. Such pitot tubes must he 

--- calibrated by test, because there is 

little reason to assume that the 

Impact/ VSuction" simple hy<lraulic formula is ap- 

opening opening pUcable. 

Fig. 10-13. Muliiplyiiig Pitot 

cannot be calculated from velocity 
unless the velocity distribution is knowm. However, the pitot 
tube can be calibrated for actual flow* rate in the pipe if the 
velocity distribution is time-invariant: 


“Suction”- 

^pressure 

connection 


Impact^ 

opening 


)act/ \;Suction” 

rung opening 

10-13. Muliiplyiiig Pitot 
Tulv* 


q=- Kj. 


(10-41) 


where q = rate of fluid flow, cubic feet per second 
D = inside pipie diameter, feet 
KpT - flow coefficient 

For normal distribution of velocity in a pipe, the pitot tube 
placed at the center of tlie pipe measures the maximum velocity. 
The mean vclocily is approximately 0.83 of tlie maximum so that 
flow^ coefficient Kpt is about 0.83. It is usually necessary to de¬ 
termine the flow coefficient by means of a velocity traverse of 
the pipe or duet. } 


Head Flowmeters 

The head flowmeter consists of a primary element such as an 
orifice, venturi, or pitot tube used with a differential-pressure 
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meter to measure the differential head caused hy the floAving fluid 
at the primary element. The differontial-pressurc meter may 
be any of the various meters such as the enlarged-leg mercury 
manometer, the bell gage, the bellows gage, the diaphragm gage, 
the ring gage, or the tilting U-tube gage previously described in 
the chai)ter on pressure measurement. By far the most common 
is the enlarged-leg mercury mamuneter. 

The differential-pressure meter and the primary element re¬ 
quire careful connection and installation. It must be remem¬ 
bered that the meter is used for the purpose of measuring dif¬ 
ferential pressure not flow, in the range of an inch or two of 
mercury head or even less. Any extraneous or false head intro¬ 
duced by the connecting piping causes a serious error. The 
proj)er connections for several examples are given in Fig. 10 -14. 
The factors in selecting proper piping arrangement arc, con¬ 
sidering only tlie imi)ortant ones: 

1. The piping arrangement must be absolutely free of h*aks. 

2. The conne(*ting lines must be clean and free fiuin obstruc¬ 
tions to l-in. sizes are most common). Use as few fittings 
as possible. 

3 The connecting lir.s must pitch 2 in. per ft to prevent gas 
pockets and aid drainage. 

4. The connecting lines should not be over 50 ft long, prefer¬ 
ably less. 

5. The connecting lines must be maintained at a tenif>eraliire 
between 32 and 110‘F. 

Tile differential-pressure meter should be installed below 
the level of the primary element if possible. 

7. Drain legs should be installed at the meter when dirt and 
sediment exist in the connecting lines. 

8. Condenser chambers used for steam lines must he level. 

9. Sealing chambers used for corrosive fluids mu^t be level 
and should be vented. 

A short fci.udy of these requirements together with reference 
to Fig. 10-14 will illustrate the necessity for each in terms vi 
accuracy of measurement 

Square-root compensation is often employed with differential- 
pressure meters in order to provide an indicating scale or chart 
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linear calibration spacings. Because flow rate through an 
orifice io proi)ortional io the square root of pressure differential, 






Fia. 10-14. Installation of Orifice Head Meters 

the chart or scale calibration is nonlinear with close spacing at 
low flow, as shown in Fig. 10-15. Methods of square-root com* 
pensation are as varied as the meters themselves, and they 



Fiq. 10-15. Portion of Square-Root Flow Chart 


serve as a record of ingenious design. Only a few are discussed 
here. 
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The LeDoux bell meter of the Bailey Meter Company is 
sketched in Fig. 10-16, Here square-root compensation is 
achieved by controlling the amount of mercury displaced from 
the inside of the bell of a bell-type xdifferential-pressure meter. 
By shaping the inside of the bell to parabolic form, the flow 
calibration of the meter can be made linear. The electrical- 
resistance-type differential-pressure meter of the Republic Flow¬ 
meters Company has square-root compensation through suitable 
vertical spacing of the contact rods. At low differential pressure 



Fig. 10-16. LeDcux Bell Meter—Bailey Meter Company 

the contact rods are spaced more closely. The ring manometer 
or tilting U-tube manometer may have square-root compensa¬ 
tion by a suitable cam arrangement which simply magnifies the 
lower portion of the scale to linear magnitude. 

The advantage of square-root compensation in an orifice head 
meter is simply that the scale is made more readable, especially 
to unskilled operators. On the other hand, the use of square- 
root compensation doas not improve accuracy of flow calibration 
because the first 1 per cent of pressure differential causes the 
first 10 per cent flow. No amount of manipulation will improve 
the accuracy of measurement of the actual differential pressure. 

Density variations of the flowing fluid will, of course, cause 
the meter to be in error since density appears directly in the 
fluid-flow relations. In measuring flow of liquids, density, anl 
therefore temperature, since density varies considerably with 
temperature, must be maintained substantially constant if dens¬ 
ity errors are to be avoided. 
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Pressure compensation in orifice-head meters is usually re¬ 
quired lor gas-flow measurement, because the rate of flow of a 
gas through an orifice depends on the absolute static pressure 
as ^^'ell as tlic; differential piTssure. Simplifying equation 10-24 
and substituting for the density, 


q = (a constant) X Y 



(iO-42) 


we find that the flow rate q depemds on the septare root of the 
ratio of absolute pressure to absolute temperature as well as the 
square* root of the differential liead. In measuring the flow i)f 
gases it is necessary either to maintain the absolute pressure and 
absolute temperature of tlu gas constant by control means or 
to measure the absolute pressure and absolute temperature and 
correct for these variables. Often a head meter will be arranged 
to include pressure- and temperature-recording elements to en¬ 
able manual corrections to be made. Usually the temperature 
remains sufficiently constant that only pressure comj)ensation or 
correction is required. 

Viscosity variations of the flowing fluid cause slight errors in 
flow measurement with head meters. Since viscosity varies con¬ 
siderably with temperature, the temperature of the flowing fluid 
must be substantially constant. Actually, maintaining a con¬ 
stant temperature of flowing fluid increases accuracy of measure¬ 
ment because viscosity and density both are more constant. 
Since considerable variation of Reynolds number is re(|uired to 
alter the flow coefficient of an orifice K (See Table A-21, ap¬ 
pendix), variation of viscosity must be appreciable to cause ap¬ 
preciable error. 

Pulsating flow is a problem peculiar to flow measurement with 
head meb*rs. Pulsations or cyclic variation of flow rate are 
often obsei'ved in flow lines connected to reciprocating pumps 
and otlier such recipn-eating machinery. A head meter, because 
of the square-root relation of head and flow rate, does not regis¬ 
ter the cciTcct value of average flow^ but tends to read high when 
s(|uare-root eomjxaisation is not provided. Obviously this is due 
to liie f;u ! tiiat tlu^ average of the square root of a series of 
readings is imt the same as the sejuare root of the average of the 
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same series. The head meter attempts to record an average 
since its sluggishness caused by una\midable lag prevents it frean 
instantaneously indicating the full amplitude of a pulsating flow. 

The best method to avoid pulsation errors is to eliminate the 
pulsation. Often this is easier said than done. Pulsation can 
be reduced by providing sufficient fluid capacitance or fluid re¬ 
sistance ahead of the orifice or venturi to attenuate the ampli¬ 
tude of pulsation to reasonable magnitude. Also, operating the 
orifice at a higher pressure differential and reducing the pipe size 
to obtain the desired diameter ratio are helpful. 

Integration of flow rate to establish a quantity unit is often 
required, generally for the purpose of cost accounting of the 
flow of materials to various plants and processing units. 
Based on 



q{t) dt 


( 1043 ) 


Q is the total quantity" of flow of fluid past an orifice in the time 
interval fi, fo. The flow rate q is generally a random function 
of time. 

Integration can be accomplished manually by cmi>loying a 
special jilanimeter for circular recording charts. These special 
planimeters can be obtained from the manufacturers of recording 
head meters. The planimeter can be used quite easily and if 
handled skillfully produces sufficient accuracy for cost-account¬ 
ing purposes. Different-style planimeters are used for the charts 
of head meter with and without square-root compensation. 

Numerical integration is often used by summing the average 
flow rate over short-tirne intervals directly from the flow chart. 
Then, 

<3£^E9(f,)(AO (10-44) 

t-1 


tvhere the time interval Afi is generally 15 min and the average 
flow rate g(f,) is estimated from the chart. The time value? 
is taken anywhere in the time interval Af.^, For gas-flow measure¬ 
ments it is necessar to correct for absolute pressure and teni' 
perature, using 
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Xfr) X h(^i) 
- T(f,) 


H 

i^U) 


(10-45) 


where A is a multiplying number representing all the constants 
in the gas-flow equation. The average absolute pressure, aver¬ 
age absolute temperature, and average differential or head in 
each time interval Ati are estimated from the chart. This 
process gives satisfactory accuracy only when the flow rate 
changes gradually. 

Automatic integrators may be used with orifice head meters 
and the meters are supplied wuth counters for indicating total 



Fig. 10~17. Bcheiriatic Arrangement of Flowmeter Integrator 


flow units. An integrator of the wdieel-and-cam type is shown 
schematically in Fig. 10--17. A synchronous-motor drives the 
cam continuously. The meter float positions the integrator arm 
near the cam: high off the cam at low flow and close to the cam 
at high flow. When the cam comes in contact with the inte¬ 
grator arm, the arm is made to rotate and drive a mechanical 
counter through gears. The amount of rotation given the 
counter depends on the height of positioning the arm, the posi¬ 
tion of the float, the differential pressure, and, therefore, the 
flow' rate. Mechanical integrators for head meters without 
square-root compensation must include this compensation in the 
integrator because the total flow is proportional to the time in¬ 
tegral of the square root of pressure differential. In gas-flow 
measurement, it is also necessary to integrate the absolute pres¬ 
sure. However, this can be done only for flow rate and pres¬ 
sures that do not vary wddely. Obviously the product of the 
integrals of the separate factors is not equal to the integral of 
the product, even when the absolute temperature is considered 
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constant. Mechanical integrators usually operate on a 15-sec 
cycle; that is, the summation intervals occur every 15 sec. 

Area Flowmeters 

The area meter operates on the principle that the variation 
in area of the flow stream required to produce a constant pres- 



Fiq. 10-18. Area Meter (ro¬ 
tameter) 



Fig. 10-19. .Schematic 
Diagram -of an Area 
Meter 


sure differential at a restriction to fluid flow is proportional to 
the flow rate.i The rotameter illustrated in Fig. 10-18 is one 
type of area ikeiev. The flowing fluid enters the bottom, passes 
upward thro^ugh the ijcietering tube and around the float, and 
exits at the top. The metering tube is hollow, usually made 
of glass, and has tapered sides, so that the cross-section area at 
the top is greater than at the bottom. Often the metering tube 
has protruding vertical ridges at the inside diameter, for guid¬ 
ing the float in its travel up and down the tube. The tube must 
be installed vertically; that is, it must be plumb to within about 
2 geometrical degrees, because the float must center itself in the 
fluid stream. At a high flow rate the float assumes a position 
toward the top of the metering tube, and at a low flow rate the 
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float positions itself lower in the tube. The float (or bob) is 
in static equilibrium at a given flow rate because of gravity and 
buoyant forces, which are discussed in greater detail in the fol¬ 
lowing analysis. The flow rate is read by noting the position 
of the float against a calibrated scale etched on the glass. 

The energy equation for flow of liquids is 


V2 , 

—t" — 

p ^ 


V 

^ ml 


P ^ 


+ Zi 


where p = static pressure, absolute 
Vm — fluid stream mean velocity 
Z ~ height above datum line 
p ~ fluid weight density 
g « acceleration due to gravity 


( 10 - 1 ) 


If we proceed as before, the difference in height (Z 2 — Zj) is 
negligible, and we have 

^ (p, - Pa) (10-2) 

P 

Considering the rotameter in Fig. 10-19, we will assume that 
the pressure acting upward on the bottom of the float is the 
stagnation pressure. It is also assumed that the pressure acting 
downward on the float is the static pressure po. These assump¬ 
tions ave questionable, and they are made strictly for the pur¬ 
pose of demonstrating the principles of operation. Thus, for 
static equilibrium of the float at any given position, 


Af (pi + + Vfp = ^/P2 + Vfpf (10-46) 

where Af — effective area of float 
F/ == volume of float 
p/ == weight density of float 
p ~ weight density of flowing fluid 

The continuity relation is also required, 


g — VmlA\ — ^c^m2^2 


(10-47) 
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where q == rate of flow of fluid 

AI = area of inlet to tapered tube 

A 2 — annular area between float and tube 

Cc = coefficient of contraction 

The coefficient of contraction is required because it is preferred 
to base the calculation of area A 2 on float and tube diameters, 
whereas the area of flow past the float is smaller owing to con¬ 
traction. Combining equations 10-2, 10-46, and 10-47, to 
eliminate p 2 , Vu and Vnai we have 


and this is the basic equation of the rotameter for flowing 
liquids.^* The coefiicient Cc is generally about 0.60 to 0.80 but 
varies with different designs. 

For flow of gases through a rotameter a similar analysis can 
be made. ' However, in doing so it^ is necessary to assume an¬ 
other relationship for the forces acting on the float. This anal¬ 
ysis is not attem^cd here because the simple equations for 
liquids serve to demonstrate the principles of operation. 

This relation can also be derived from a consideration of total drag (pres¬ 
sure) f^rce on the float. Suppose that the forces acting upward on the float 
are the drag force D and the buoyant force. The force acting downward is 
the weight of the float. Then, 


F/p -f Z) « Vjpf 
or 

D « F/(p/ - p) 

The drag force is in the form, 

D-CiAj^Vj 

where V-m is the fluid mean velocity and Cd is a drag coefiicient. Substituting 
and combining yields 



Compare this result to equation 10-48. 
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For area meters with straight-sided metering tubes, 

d - + aX (10-49) 

where d = inside diameter of tube 
df — diameter of tube at inlet 
a = a scale length factor 
X «= height of float over the tube inlet 

and where for simplicity it is ass’^med that the diameter of the 
float is the same as the diameter of the tube inlet. Equation 
10-48 can then be written 

Although this equation indicates a quadratic relation between 
flow and float position X, the calibration is very nearly linear, 
because, for practical values of the constants a and d;, the linear 
term in X predominates. By suitably shaping the metering tube 
a linear scale characteristic can be obtained. 

Partial compensation of the area meter for changes in density 
of the flowing liquid can be provided by a suitable choice of 
float material. For flow rate expressed in weight units, equation 
10-48 may be simplified to 

W = CiAiVifif - p)p (10-51) 

If the flow rate is to be independent of density, 

dw 

— = 0 
dp 

and, by performing these operations, there results 

pf = 2p (10—52/ 

Thus, if the density of the float material is made twice the dens¬ 
ity of the flowing liquid, compensation is almost exact at all 

flows. For example, with the proper float material a change of 

liquid density of about 4 per cent results in a 0.1 per cent error 
in weight flow rate. For flow rate expressed in volume units, 
density compensation requires that the density of the float be 
made as great as possible. Selecting a dense float material such 
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as silver, lead, or tantalum provides partial compensation. For 
example, with a very dense float a change of 4 per cent in density 
of flowing liquid results in a 2 per cent error in volumetric flow 
rate. 

Viscosity compensation in area meters can be provided by 
suitably shaping the float. The reason for changes in viscosity 
affecting the calibration of one area meter is that the viscous 
drag acting on the float disturbs the static-equilibrium position 



Sensitive to visCwSity Insensitive to viscosity 

Fig. 10-20. Viscosity Compenfation by Float Shape {Reproduced by per¬ 
mission of Fischer & Porter Company) 


of the float for a given flow rate. The force of viscous drag 
will naturally vary with fluid viscosity. If, then, the float can 
be shaped so as to provide a constant viscous drag at all flow 
rates, the operation of the area meter is made independent of 
viscosity. Figure 10-20 illustrates this effect. With the ordi¬ 
nary plumb-bob-shape float the turbulence and viscous drag are 
greatly different at different flow rates. Thus the upward force 
of viscous drag varies at different flow rates. With the inverted- 
cone-shape float the turbulence and viscous drag are nearly alike 
at all flows except at extremely small Reynolds numbers. There¬ 
fore, the upward force of viscous drag is approximately constant, 
and the meter operation is insensitive to viscosity variations. 
Actually several patented arrangements of this kind are in com¬ 
mon industrial use for measurement of flow of liquids having 
variable viscosity. 
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There are many different styles of rotameters, all suited to 
different applications. Since the rotameter contains all the nec¬ 
essary metering elements in one assembly, there is negligible ef¬ 
fect due to any type of valves, fittings, and so on placed immedi¬ 
ately before or after the meter. Ordinarily the simple indi¬ 
cating rotameter is constructed with a glass metering tube, and 
the flow is read by noting the location of the float against a 
scale etched on the glass^ Armored rotameters are used for 
high-pressure service. 



Fig. 10~21. A Recording Rotameter 

(|lotameters for indicating and recording purposes employ vari¬ 
ous methods for transmitting the motion of the float. These 
methods and their use are very similar to the methods employed 
in differential-pressure meters. Figur e l()->2i I B n st rate one type 
_ A nonmagnetic tube at the 

bot o: ,i of the rotameter allows an iron armature to be sus- 
pen led from the float, A double solenoid mounted on the out¬ 
side of the nonmagnetic tube is connected into the inductance 
bridge of an automatic-balance instrument similar to a potenti¬ 
ometer in many physical respects. The instrument can then be 
calibrated in terms of rotameter float position. Other types em¬ 
ploy a magnetic-clutch and pneumatic-transmission means or a 
self-balancing inductance-bridge system, j 

/ The rotameter has many advantages in industrial service. 
The pressure loss at the meter is nearly constant, and it is small. 
The meter can handle almost any corrosive fluid encountered in 
industrial processing plants^ It can be compensated for changes 
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.1; 

I 

in fluid density and viscosity (therefore temperature) when it 
is used in metering certain fluids. A rotameter has quite good 
accuracy, particularly at low flows. Its main disadvantage is 
that it is not so rugged as head meters because of the glass 
metering tube. Recently, metal and plastic metering tubes have 
been employed so that the rotameter is as rugged as any other 
flow-measuring device. 

The cylinder-and-piston-^type area meter (The Brown Instru¬ 
ment Company) is shown schematically in Fig. 10-22. The 
operation is in many re¬ 
spects similar to that of a 
rotameter; the difference is 
th.at the area for fluid flow 
is provided by a series of 
reamed holes in the walls of 
the cylmder. These holes 
^Te spaced helically around 
ho Cy linder in rows, so ?hat 
ill area "or 
vi-riou;- beighti; of the piston 
k Fr.'O 

d?ftcrentl,:d< ir constant, 

0 ti'ti' v/Cight of ihe pi} 

Pm Is constant. By prop< ily 
spacing the holes in the v ri- 
inder the calibration ai ihe 
instrument for flow rate is 
made linear. An area meter of similar principles is made by the 
Bailey Meter Company, the helical row of holes being replaced 
by two vertical rectangular slots. A similar meter is the Hays- 
Cochrane area meter, which utilizes a flat-bottom float in a 
tapered throat installed in a vertical body. Generally these area 
meters employ the inductance-bridge system for remote indica¬ 
tion and recording of flow rate. 

The cylinder-and-piston area meter is most often used for 
measuring flow of fuel oils, Bunker-C fuel oil, tar, chemical 
liquors, and other such high-viscosity fluids. Its use is advan¬ 
tageous particularly when a mercury manometer or bellows 
meter with orifice cannot be used, because of corrosion problems, 



FiO- 10- 22 . Cy lindcr ; >xd' Fistoii-T v pe 
Area Meter—The Browrt 

Comp: rp 




304 


Flowmetering 

possibility of plugging orifice connecting lines, or lack of ade¬ 
quate information on flow coefficients at very low Reynolds num¬ 
bers. Also, in shipboard ise its installation is simpler. 

Open-Chaxmel Meters 

Head-area meters such as weirs, nozzles, and flumes are used 
in open channels for li'piid-flow measurement. The current 
meter is used in large and open streams. Open-channel meters 
are employed in central power stations, hydraulic power-gener¬ 
ating stations, municipal waterworks, sewage-disposal units, and 



Fig. 10-23. Rectangular Weir with Side Contraction 


water-irrigation projects for measuring the flow of water, sew^- 
age sludge, chemical wastes, and otlier semifluids. 

The familiar rectaivgular-notck weir shoAvn in Fig. 10-23 is 
mosjb often employed for measuring large flow rates. Since thtv 
velocity is proportional to depth at the weir, 


V = V2^ 

where V == velocity at given lamina 

Z = depth from surface to lamina 


the total flow is the product of velocity times area, 

_ 


and 


I V2gZ- 

•'o 

q = 


bdz 


where q =* flew rate 

6 » width of rectangular notch 
h = head over weir crest 


(10-53). 


(10-54) 

(10-55) 


Since the actual flow is less than the ideal because of contraction 
of the jet, 
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q = CRwlhV^ (10-56) 


where Crw is the flow coefficient. The weir shown in Fig. 10-23 
lias side contraction in that the width of the weir notch h is less 
than the channel width. 

Weirs without side contrac¬ 
tion have a weir-notch width 
the same as the channel 
width and are generally 
considered more accurate 
because of greater certainty 
in the accuracy of width b. 

Needless to say, the flow 
coefficient Crw is different 
for each. 

The V-notch or Thomson weir is used with the apex of the 
triangle downward as in Fig. 10-24 and is generally more useful 
in measuring small flow rates and where good accuracy is de¬ 
sired. Its flow relation can be developed as before, 



Fig. 10-24. V-Notch and Trapezoidal 


q — Cvw 



(10-57) 


where Cvw is the flow coefficient. 

The trapezoidal-notch or Cipoletti weir is shown in Fig. 10-24. 
In this weir the slope of the sides is such as to compensate for 
side contraction, and the included angle 0 is made 2 tan""^ (J4)* 
If side contraction is compensated, then, 


q ss Ctw 2gh^ (10—58) 


where Ctw is the flow coefficient. 

Weirs for industrial use are made by individual contractors 
and manufacturers; consequently, their specifications are not 
^andardized. Generally a weir is constructed on the job for a 
rticular application. The discharge coefficient may be deter- 
aed by calibration on the job by a weigh test or sometimes by 
ibration to another flow-measuring device, or the flow co- 
ciaits “given In "the T'lteraftKe by various experimenters can 
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be employed.’^ Approximate discharge coefficients are given in 
Table A~24 (appendix). Unfortunately the flow coefficients of 
100.^1 weirs vary with head. 

In constructing a weir^ several limitations on dimensions of 
head, width, and depth must be observed for reasons of accuracy. 
These are given in Table A-24 (appendix), In addition, a weir 
should be preceded by a straight, uniform cross-section channel 
of sufficient length to insure uniform velocity distribution. Baffle 
plates and screens extending across the channel are often neces¬ 
sary to reduce turbulence. The upstream edge of the weir plate 
should he square. The downstream edge of the weir plate should 
he beveled, s .»that the stream wul! break free of tlie edge and not 
fuii dow'H the face of the weir plate. Any wetness of the open 
face of the weir plate may be taken as indicative of consider¬ 
able error. In a rectangular w^cir without side contraction the 
downstieran face of the weir plate must be aerated in order to 
provide breakaway flow. 

Hydraulic flumes are used in opei\ sU earns where a sufficient 
fiAl head cannot be obtained to use a w^eir. Ordinarily too 
flumes are used for greater flow rates tlian can be accommodated 
by a weir. 

The Parsfuill flume shown in Fig. 10-25 is a common type. 
The Paheer-Bowdus flume has a similar arrangement. I'hese 
types are used in throat sizes from about 6 in. to 8 ft for flows 
ranging from 1 to 70 million gallons per day. The head is meas¬ 
ured at a single point about one third the distance downstream 
from the inlet in the entrance section. The head may vary from 
6 to 30 in. The discharge is determined by an empirical formula 
or from test data.^® 

Open nozzles are used for measuring open flow of raw sewage, 
raw and digested sludge, and industrial waste in partially filled 
pipes and channels. The Kennison nozzle (Builders-Providence) 
is sketched in Fig. 10-26. The unique cross-section shape of the 
nozzle produces a nearly linear relationship between head and 

Them is a great body of literature available on wehs. See ASME 
Fluid Metei-s. 

L. Parshall, ^‘The Improved Venturi Flume,” Trans. ASCE, 89 

(1926). 
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flow. The capacity of the nozzle for inlet diameters from 6 
to 36 in. is 0.275 to 18.2 million gallons per day. 

The Parabolic flume (Simplex Valve and Meter Company) is 
a similar open nozzle having a gradual transition from a circular 
to a vertical parabolic cross section. This nozzle is open at the 
top for cleaning, and the flow area of the nozzle iuis no obstrac- 



Fig. 10-25. Parshal] Fhirne 


tions. The rapacity of the nozzle for inlet diameters from 6 to 
ii* is 0.20:- t^^ 10 07 million gallons day. 

Th ' rra asurement for weirs, fiiinies, and open nozzles is 
o ■ erfonne ! in a still well, which is an open staiuipipe 

c n fOfd / a pressure line to the piezometer opening in tiie 



Fig 10-26. Keimison Nozzle—Builders-Providence, Inc. 

side or bottom of the weir, flume, or nozzle. Figure 10-27 illus¬ 
trates the arrangement of a still well. The advantages of using 
a still well are that solids are prevented from interfering with 
the head measurement and waves and stream currents do not di¬ 
rectly impinge on the instrument float. Sometimes the still well 
is installed directly in the flow channel. The head should be 
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measured at a point located at least 3 times the head Zh up¬ 
stream from the weir or nozzle opening. 

Head is measured by any suitable liquid-level measuring 
device. The float-and-cable instrument is used almost ex¬ 
clusively. Since the float-and-cable instrument measures head 
directly, the calibration may be made directly in terms of vol¬ 
ume flow units, independent of liquid density. If calibration in 
terms of weight-flow units is desired, a buoyancy-type level 

measuring instrument should 
receive consideration, since 
then the calibration is inde¬ 
pendent of density. 

The current meter consists 
of a propeller turning free 
on a shaft and arranged to 
operate a revolution counter. 
Generally the shaft operates 
a tachometer so that a re¬ 
cording instrument can be 
used for indicating flow rate 
and flow quantity. Ideally 
the velocity of the fluid 
stream at the point of meas¬ 
urement is proportional to the speed of rotation of the pro¬ 
peller. Actually friction exists in the propeller bearings, and 
these meters do not indicate very small stream velocities, A 
current meter can be calibrated by a towing test in still water. 
In order to calibrate the current meter for flow rate of a whole 
stream, it is often necessary to make a velocity traverse of the 
cross section of the stream. The stream flow rate is then calcu¬ 
lated, usually graphically. 

Velocity Meters 

Many meters for measuring flow operate by determining the 
velocity in one part of the flow stream and are calibrated to in¬ 
dicate either the flow rate or the flow quantity for the whole 
stream. Such meters are the propeller meter and the thermal 
meter. It is of interest to note that the pitot-tube head meter 
is actually a velocity meter. 



Fig. 10-27. Still Well for Head Meas¬ 
urement in Open-Channel Flow 
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The propeller meter, normally used for measuring flow of 
liquids, is indicated in Fig. 10-28. Other types of propeller 
meters employ a turbine-type impeller with the geometric axis 
of the impeller perpendicular to the axis of the pipe. 

The propeller or impeller of the meter is continuously rotated 
by the motion of the stream and is connected by gearing to a 
register calibrated to read in total flow quantity. Often the 
meter is arranged to transmit the readings by electrical means 
to a remote receiver, where both total flow and flow rate may 
be indicated. 



Fig. 10-28. Propeller Meter 

Propeller speed w mid be linearly related to velocity of flow 
if the propeller and gearing in the meter were completely fric¬ 
tionless. Because of unavoidable friction there is a small stream 
velocity below which the propeller is not turned. The propeller 
meter operates best, therefore, w^hen the stream velocity is con¬ 
tinuously above the velocity threshold. 

The accuracy of the propeller meter is generally about two 
per cent. The main factors influencing calibration are the veloc¬ 
ity distribution in +he pipe, and the density and viscosity (there¬ 
fore temperature) of flowing fluid. Since the propeller meter 
infers the quantity of flow from the mass velocity of a part of 
the stream, usually 80 to 98 per cent of total, the velocity dis¬ 
tribution is assumed to remain unchanged from the given distri¬ 
bution used during calibration. For this reason many propeller 
meters contain built-in straightening vanes. The density of the 
flowing fluid affect<3 the impulse-momentum relationship at 
the propeller and therefore the calibration. Furthermore, the 
viscosity of the flowing fluid determines the propeller drag and 
affects calibration. It is best to calibrate t^ie meter under actual 




310 Flowmetering 

conditions of density and viscosity, if these conditions are con¬ 
siderably different from those for which the meter was originally 
calibrated. 

The advantages of the propeller meter are that it has almost 
no upper limit to capacity, it causes very little pressure less, 
and it can be used for liquids containing abrasive materials. If 
the liquid being measured contains debris or heavy foreign ma¬ 
terial, a screen can be installed ahead of the meter. Many of 
these meters are arranged so that they subtract on reverse flow's, 
a feature not usually found in other meters. 

The cu]) anemometer employs virtually the same principles as 
the propeller meter. The familiar cup anemometer as used at 
weather stations for indicating wdnd speed can be made to indi¬ 
cate air speeds from about 150 up to 10,000 fpm. Generally 
the electric-tachometer system is employed to transmit readings 
to the desired point of indication. Cup anemometers are not 
accurate wdien measuring flow rate or flow quantity because of 
the large number of variables affecting calibration. 

The defiecHng-vane anemometer is a mechanical instrument, 
which operates by allowing a jet of air or gas to impinge directly 
on a pivoted vane. The vane is mounted on jewel bearings, may 
be damped magnetically, and carries a pointer for indicating 
stream velocity. The deflection of vane and pointer is opposed 
by the force of a hairspring much as in millivoltmcters. This 
meter requires special calibration for indicating flow' rate. It is 
relatively inexpensive and is widely used in measuring duct ve¬ 
locities in ventilating and air-conditioning work. 

The hot-wire anemometer consists of a small resistance wire 
inserted in the fluid stream and heated by electric current. The 
heat loss from the wire depends on the mass velocity and spe¬ 
cific heat of the fluid. There are three methods of determining 
velocity of flow. First, the temperature of the wire can be main¬ 
tained constant by adjusting the current flow to the wire. The 
velocity of flow is then proportional to current through the re¬ 
sistance wire. Second, the temperature difference in the flowing 
fluid before and after the resistance element can be maintained 
constant by adjusting the current flow to the element. This 
temperature difference is usually 1 or 2°F. The velocity of flow 
is then proportional to the current to the element. Third, the 
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current to the resistance wire can be maintained constant, and 
the temperature, and therefore the resistance, of the wire is meas¬ 
ured. An indicating milliammeter or an indicating Wheatstone- 
bridge instrument is used with the hot-wire anemometer. All 
hot-wire anemometers require special calibration in flow rate 
or flow quantity measurement. 

Quantity Metors 

Quantity meters operate by passing the fluid being measured 
through the meter in separate and distinct increments by filling 
and emptying containers of known weight or volumetric capac¬ 
ity, The quantity of flow is determined simply by totalizing 
the number of increments. 

There are two basic kinds of quantity meters: those that 
weigh discrete increments of fluid, and those that pass discrete 
volumes of fluid. Weighing meters for measuring liquid flow 
are not commonly used. However, the true weighing meter op¬ 
erates on the beam-balance principle and determines weight 
quantity of flow. Tilting trap meters (Fig. 10-29) operate by 
gravity, so that the trap is automatically upset when the center 
of gravity passes ov':t the stable equilibrium point. They are 
mechanically arranged for continuous flow by employing two 
tilting traps or by temporarily diverting the liquid to a holding 
chamber during the dumping operation. 

The quantity meter operating on a volumetric basis (called a 
volumetric meter) is found in several types. Most of them re¬ 
semble hydraulic piston pumps, gear pumps, or vane pumps, 
which when operated ^‘backward'’ become motors. Actually 
volumetric-fluid meters are nothing more than fluid motors oper¬ 
ating with minimum friction from the pressure differential across 
the motor. 

In all volumetric meters the flow rate is given by 

q = Qt'n (10-59) 

where q «= flow rate in volume units at flowing condition 
Qi » fluid volume increment 
n « frequency of passing increments of fluid 

The weight flow rate is given by 

W = pQiTl 


( 10 - 00 ) 
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where p = weight density of flowing fluid. In both cases the 
flow rate is given in terms of flowing conditions, and, if reference 
to standard conditions of temperature and pressure is desired, 
suitable corrections must be made. Ordinarily, the flow of 
liquids is given in gallons per unit time and the flow of gases in 
cubic feet per unit time. 


Inlet 


Fig. 10-29. Tilting Trap Meter 

The reciprocating-piston meter (Fig. 10-30) is suitable for 
measuring flow of liquids. The piston reciprocates and passes 
the liquid alternately through each end of the cylinder from the 
inlet to the outlet. The piston operates the slide valve con¬ 
trolling the inlet and outlet ports 
and also operates a counter- 
mechanism. Actually such meters 
have two to four pistons, all 
operating on a center crank arm. 
The crank arm operates a rotary 
valve mechanism, which opens 
and closes the inlet and exhaust 
valves at proper points in the 
piston stroke. The crank arm 
also operates a register for indi¬ 
cating total quantity. The pres¬ 
sure differential required to oper¬ 
ate the motor at low speeds against its own friction is kept 
small by selecting pistons of large diameter and operating them 
over a short stroke. Obviously, if the meter has no friction and 
if it has no slip (leakage or blow-by), then volume measure¬ 
ment is perfect. When in good condition, a piston meter will 


I Outlet 



Fig. 10-30. Operating Principle 
of the Piston Meter 
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indicate low flow with reasonable accuracy. The accuracy of 
most piston meters is 0.2 to 0.3 per cent. The effect of fluid 
density and viscosity on accuracy of measuring volume flow rate 
is negligible. The piston meter is limited to use with noncor¬ 
rosive and light (low-viscosity) liquids. It can handle flow 
rates of about 10 to 1000 gpm. 

The nutating-disk meter is 
widely used for measuring 
flow quantity of liquids and 
is one form of the domestic 
water meter. The nutating- 
disk meter has the advan¬ 
tages of simplicity, compact¬ 
ness, and relatively low cost. 

Figure 10-31 indicates that 
tlie circular disk is pivoted 
at its geometric center and it 
does not rotate but ^'nutates^^ 
in a circular chamber with a conical roof and a conical floor. 
The vertical shaft of the disk generates a cone with the apex 
downward. Thus liquid enters the chamber and by the action 
of the differential nressun' causes the disk to "'roll'^ this quantity 
of fluid around to the outlet. The inlet and outlet chambers are 

separated by a partition (not 
shown in Fig. 10-31), which 
fits into a slot in the disk. 
This meter is suitable for 
almost any reasonable static 
pressure and temperature. 
The effect of density and vis¬ 
cosity on volume flow meas¬ 
urement is usually small, but 
not negligible, because the 
clearance at the disk is appreciable, and a small amount of 
fluid is by-passed. The static error of the nutating-disk meter 
is usually less than 1 per cent. This meter is used for flow rates 
from about 15 to 500 gpm. 

The rotary-vam meter (Fig. 10-32) is one example of a 
number of rotary-chamber meters. Here the drum rotates about 




Fig. 10-31. Principle of Nutating* 
Disk Meter 
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its own center, which is eccentric to the meter body. As the 
drum rotates, the vanes are pushed outward by springs to form 
separate sealed chambers. The drum rotates by virtue of the 
differential pressure across the meter. A register on the drum 
shaft indicates total flow quantity. Since clearance is small or 
zero, effects of density and viscosity changes are negligible. The 
accuracy of the meter is therefore in the region of 0.2 to 0.3 
per cent. Other types of quantity meters are the rotary-bucket 
meter and the rotary-piston meter. In many respects their oper¬ 
ation is similar to that of the rotary-vane meter, and they have 
a comparable capacity and accuracy. 

The sealed-drum meter used for measuring gas flow is 
shown in Fig. 10-33. It consists of a motor with spiral-like 
vanes contained in a horizontal cylindrical drum. The meter is 
filled with water to a height slightly over the center hub. The 
gas enters through the rotor hub and passes through the water 
to the chamber above formed by adjacent spiral vanes. When 
the vane emerges from the water, the gas is released to the out¬ 
let. The accuracy of this meter is about 0.5 per cent. Serious 
error may be caused by improper water level and by mounting 
the meter so that it is not level. Accurate indication of flow 
rate depends on the temperature and pressure of the gas, and 
correction of readings may be required. The water (or other 
sealing liquid) should be at gas temperatures and should be 
saturated with the gas passing through it. 

The lobed-impeller meter has two rotors, each having lobes 
arranged to mesh very much like gears as shown in Fig, 10-34. 
The impellers rotate in close-fitting chambers. The fluid is 
trapped in the space between lobes and is passed from inlet to 
outlet. These meters may be used for either liquids or gases; 
the two-rotor type with two lobes on each rotor is commonly 
employed for gas flow. 

The bellows meter is used only in gas-flow measurement. In 
construction it is simply a diaphragm pump operated as a motor 
and thus is quite similar to the reciprocating-piston meter. 
There are two bellows of oiled sheepskin alternately filled and 
emptied through passages controlled by slide valves, which are 
operated by the motion of the bellows. A register for indicating 
total flow is operated by the valve mechanism. Bellows meters 
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may be used up to 500 psi static pressure. When in good con¬ 
dition a bellows meter is accurate to about 1 per cent. However, 
the calibration of the meter and, therefore, the accuracy of flow 
measurement depend on the static pressure of the gas, as is the 
case with orifice-head meters. The static pressure of the gas 
.should therefore be separately measured and the readings of the 



Fig. 10™33. Sealed-Drum M^ter 
for Gas 



Fig. 10-34. The Lobed-*^ 
Impeller Meter for Gas or 
Liquid 


bellows meter connoted. In some meters automatic compensa¬ 
tion for static pressure is provided. 

Flow of Dry Materials 

Continuous determination of flow rate of dry materials such 
as coal, cement, powdered chemicals, paper, and fruit is neces¬ 
sary in many industrial processes. Meters for measuring flow of 
dry materials are essentially of the weighing type, in that they 
determine the weight of material passing a given point. 

Weighing meters are of many kinds, each developed for a 
particular kind of material flowing either in pipes or on open 
conveyers. Meters similar to the propeller meter for licpjids are 
sometimes used for measuring flow of dry powdered or granular 
materials in closed pipes. Meters similar to the tilting-trap 
meter for liquids arc used ff^r some free-flowung dry materials. 
The latter meters operate on the weigh-bcam principle, with 
suitable latches and gates for controlling the filling and dump¬ 
ing operations. 
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Conveyer-flow meters for dry materials may operate by weigh¬ 
ing a section of the conveyer, as shown in Fig. 10-35. Here the 
use of a spring balance is indicated, and flow is measured in 
weight units such as tons per hour. If the conveyer belt is suf¬ 
ficiently flexible, the accuracy of flow measurement is usually 
within 1 per cent and sometimes 0.5 per cent. Integrators are 
used for determining total flow, and most such meters are com¬ 
pensated for conveyer-belt speed. Other conveyer meters em- 



Fia. 10-35, Conveyer Weighing for Measuricg Flow of Dry Materials 

ploy the automatic weighing scales of either the electric or pneu¬ 
matic type instead of the spring balance shown in Fig. 10-35. 

Viscosity Measurement 

M<;asurement of viscosity of fluids is difflcult in continuous in-, 
dustrial operations, and there are few industrial instruments for 
this service, However, viscosity is important in many fluid oper¬ 
ations, and it is sometimes necessary to attempt measurement. 

Viscosity a characteristic sometimes called fluid friction. 
Consequently, it can be measured by measuring friction or, 
actually, shear force. An example of this method is the Visco¬ 
graph of the Brabender Corporation. Although this is not pri¬ 
marily an industrial instrument, it can be used for recording 
viscosity of liquids. Figure 10-36 shows a bowl containing the 
liquid in question. The bowl is rotated at constant speed by the 
synchronous-drive motor. A paddle wheel is supported in the 
bowl and is free to turn with the liquid, the rotation of the 
paddle wheel opposed by the spring. For low-viscosity fluids 
the shear or drag forces are low, and the pointer deflects a small 
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amount. For high-viscosity fluids the forces are greater, and 
the pointer is deflected a large amount. Since viscosity is greatly 
affected by temperature, the 
bowl is enclosed by a housing 
which has thermostatic tem¬ 
perature control. 

The Viscosimeter of the 
Fischer & Porter Company 
is indicated in Fig. 10-37. 

Since flow rate of a fluid in 
an area meter (rotameter) is 
dependent on viscosity, this 
fact is used to measure vis¬ 
cosity. Briefly, a tapered 
tube, through which the fluid 
flows, contains two floats. 

The lower float is shaped so 
as to be immure to viscosity 
changes. The flow rate through the tube is controlled to a 
constant value so that the lower float remains at the flow-set- 



Fig. 


10-36. Viscosity Meter- 
bender Corporation 


-Bra- 



Fig. 10-37. Continuous Viscobiftr Meter—Fischer & Porter Company 

ting mark. Since the flow is constant, the upper float, which 
is sensitive to viscosity changes or actually is acted on by the 
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viscous drag forces, changes position with changing fluid vis¬ 
cosity. Therefore, the distance between floats is proportional to 
the viscosity of the fluid at the existing temperature. This in¬ 
strument is made as a recorder by electrically transmitting the 
position of the upper float to a recorder. 

Measurement of viscosity is accomplished by the Taylor In¬ 
strument Companies through measurement of the pressure differ¬ 
ential across a smooth tube through which the fluid flows. The 
restriction is simply a metal tube with smooth walls about 15 in. 
long and about % in. inside diameter. The pressure is measured 
through taps at each end of the tube. The flow rate and density 
(or specific gravity) are maintained constant. 

Problams 

10-1. Water flowing in a 3-in. line (inside diameter 3.068 in.) is meas¬ 
ured by an orifice 2.280 in. in diameter. The orifice head is measured 
through vena-contracta taps. The pressure differential is 10.8 in. Hg at 
70®F. The temperature of the water is 300®F. Find the flow rate in gal¬ 
lons per minute at 70®F. 

10-2. Dry air flows in a 2-in. pipe (inside diameter 2.067 in.) at 150 psig 
and 70®F. It is desired to meter a flow rate of 1.5 cfm at the given tem¬ 
perature and pressure. The manometer must employ a head of 20 in. Hg 
at 80®F. What orifice diameter is required? 

10-3. Steam flows through a 10-in. header at 57,000 lb per hr. The in¬ 
side diameter of the header is 9.76 in., and the orifice is 5.85 in. in diameter. 
The orifice has vena contracta taps. The steam pressure is 250 psia, and 
the temperature is 640®F. Using steam tables for necessary data, find the 
differential pressure at the manometer in terms of inches of water at 70®F. 
(Actually the manometer uses mercury, but the head equivalent is often 
given in water column.) 

10-4. A large venturi is used at a pumping station for measuring water 
flow. The inside diameter of the conduit is 60 in., and the throat diameter 
of the venturi is 30 in. An automatic controller holds the differential pres¬ 
sure constant at 10 in. Hg at 70®F. However, in the daytime the water 
temperature is 80®F, and at night it is 50®F. By what percentage does 
the flow rate decrease at nighttime? 

10-5. An orifice having a diameter of 2.00 in. is known to wear so that 
the diameter increases by 0.002 in. each week. It is installed in a 4-m. 
pipe of 4.026 in. inside diameter. If the Reynolds number is about 100,000, 
estimate the error after 6 weeks' operation. 

10-6. A rectangular weir without side contraction has a width of 2.0 ft. 
The head over the weir crest is 2.0 ft. Determine the flow of water 
through the weir in gallons per day. 
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10-7. A V-notch weir is uaed for sewage-flow measurement. The angle 
of the V notch ^ is 90®. The flow is 60 nuUion gallons per day. What is 
the head over the weir crest? 

10-8. In integrating a gas flow, what is the approximate error in total 
quantity per day caused by not accounting for gradual linear increase of 
static pressure amounting to 10 per cent per day? 

10-9. In a rotameter for metering gasoline of specific gravity 0.8, what 
should be the density of the float material if density compensation is 
desired? 

10-10. If a rotameter is desired with linear scale calibration, derive the 
equation for the shape of the sides of the metering ti^, and prove the 
calibration is linear. / 

10-11. Suppose that a rotameter uses a cylindrical float 1 in. ki^h and 
1 in. in diameter and of the proper density to give density cpmp^jjisation. 
If the coefficient is 0.5 and the maximum inside diameter^of tpB meter¬ 
ing tube 2 in., what flow rate in gallons per minute can th^' rotameter ac¬ 
commodate? 

10-12. In the orifice-flow problem 10-1, the temperature of the water 
changes from 300 to 200®F. Find the new flow rate in/gallons per minute 
at 70” F. ^ 

10-13. Explain all the terms present in the equation 10-20 for the ex¬ 
pansion factor Y. Is this expression empirical, or can it be derived? 

10-14. Explain all the terms present in the equation 10-22 for the mois¬ 
ture factor M. Derive this factor. 

10-15. Refer to a compressibility chart, and determine under what con¬ 
ditions of pressure and temperature it is safe to take the value 1.0 for th(' 
(compressibility factor y. For what pressure and temperature limits for 
air, oxygen, hydrogen, and methane is this permissible? 

10-16. From tables in the appendix plot the value of flow coefficient K 
versus diameter ratio 8 as abscissa at a Reynolds number of 100,000. l^se 
data for flange taps and 4-in. pipe. Plot the same data, but omit the 
velocity of approach factor (1/V1 /S'*). 

(a) Above what value of diameter ratio is the velocity of approach 
factor important? 

(5) In what range of diameter ratio is variation of diameter ratio due 
to wear and abrasion least important? 

10-17. It is desired to measure the flow rate of fuel oil in a %-in. standard 
pipe. Orifice-flow coefficients are known only down to 2-in. standard 
pipe. What must be done to measure the flow? 

10-18. Certain heavy ods, such js fuel oil and tars, and heavy liquids 
are characterized by high viscosity. This restricts the flow measurement 
of such fluids when orifice-head meters are used. Why? Investigate the 
Reynolds number fheavy fluids flowing in 2-in. pipes, and compare to 
water. To obtain satisfactory Reynolds number it is sometimes necessary 
to increase the velocity. Increasing temperature also helps. Why? 
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10-19. Derive the theoretical equation for compressible flow (equation 
10-14), showing all steps and assumptions made. Which of the assump¬ 
tions are the most important in that they are the most likely to be met? 

10-20. Write the complete binomial expansions given in equations 10-15 
and 10-16. What is the maximum value of P 2 /P 1 for which these expan¬ 
sions are accurate to within 1 per cent? 

10-21. Can the rational expansion factor 0 in equation 10-19 be reduced 
to simpler form by employing a binomial expansion for the pressure-ratio 
terms? For what pressure-ratio P 2 /P 1 values would this procedure be 
valid? 

10-22. Compute the difference between the rational expansion factor 0 
and the empirical expansion factor for flange Ups using fi = 0.25, P 2 /P 1 = 
0.8. The flowing fluid is carbon dioxide at 400®F. 

10-23. For moist air at 80®F, what values of relative humidity are per¬ 
missible for an accuracy of 1 per cent of measuring flow rate if no correc¬ 
tion for moisture content is made. 

10-24. Derive the relation for critical pressure ratio given in equation 
10-29. 

10-25. Employing the exact relation for critical pressure ratio and as¬ 
suming ^ ~ 0.6, find the critical pressure ratio for a 50-50 mixture by 
weight of hydrogen and nitrogen at 100®F. 

10-26. For an orifice installed with vena-contracta taps in a 4-in. pipe 
line, what are the locations of the upstream and downstream taps with 
respect to the orifice plate for an orifice diameter of 2.0 in.? 

10-27. An orifice of 4 in, diameter is installed in an 8-in. pipe line. What 
is the minimum allowable distance upstream to a pressure-reducing valve? 
What is the minimum allowable distance downstream to a 90® elbow? 

10-28. Water at 150®F and 80 psi pressure flows in a 14-in. extra-heavy 
pipe 'ine. The flow rate is measured with a standard Herschel venturi 
tube, and the manometer differential is 10 in. Hg at 40®F. Find the flow 
in gallons per day at 60®F. 

10-29. Dry air at 300®F and 20 psi pressure flows in an 8-in. standard 
pipe line. The flow rate is 300 cfm at 60®F and 14.7 psi conditions and is 
measured by a standard venturi tube. What is the manometer differential 
in inches of water at 60®F? 

10-30. The stream velocity in water being measured by a pitot tube is 
1200 fpm. The manometer differential is 8.0 in. Hg at 80°F, What is the 
velocity coefficient of the pitot tube? 

10-31, Air at 60 psi pressure and 100®F flows in a pipe. A pitot tube is 
used to measure the velocity. The manometer shows a differential pres¬ 
sure of 20 in. water at 60®F. What is the velocity? Assume a reasonable 
velocity coefficient. 

10-32. For the piston-area meter of Fig. 10-22, assume that each side 
of the piston is acted on by the corresponding static pressures. Assume 
that the holes are spaced to provide a linear variation of area with height. 
Derive the relationship between flow and piston height. 
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10-33, A rectangular-notch weir with side contraction is used in meas¬ 
uring the flow of raw crude oil. The width of the notch is 22 in. The 
head is 18 in. Estimate the flow in barrels per day. 

10^4. Criticize the assumptions made in writing equations 10-43 for 
tire forces acting on a rotameter float. 
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The modern industrial p)lant relies on instrumentation as a regu¬ 
lar part of its production equipment. In a few, industrial in¬ 
strumentation is simple. In the vast majoritjq instrumentation 
is more elaborate, and, in an increasing number of processes, 
complete instrumentation is a necessity without which the plant 
cannot operate efficiently. 

A whole new field is gradually taking shape, and the instru¬ 
mentation engineer is becoming an important factor in the en¬ 
gineering of newly designed manufacturing processes. 

Process instrumentation, whether it is the temperature con¬ 
trol ^ of a milk cooler, the operation control means for a distil¬ 
lery, or the control means for a large steel plant, is still accom¬ 
plished largely by experience. As instrumentation analysis 
adopts more of the analytical approach, pure study will become 
more useful. 

Recording Instruments 

A recording instrument should be employed when a perma¬ 
nent record of the variable is desirable. A record is useful for 
three reasons: (1) The process operator may refer to the instru¬ 
ment to observe the trend of the variable as a guide to process 
operation; (2) the record may be useful in locating trouble on 
the job; (3) the record may be required for reference to past 
performance. 

1 It will be necessary in portions of this chapter to assume that the 
student has some knowledge of automatic control. This can be gained 
from references such as D. P. Eckman, Principles of Industrial Process 
'€Ui3^ol, John Wiley & Sons, 1945, and G. S. Brown and D. P. Campbell, 
Principles of Servom.eehanUms, John Wiley & Sons, 1948. 
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A recording instrument should not be used when any of the 
foregoing functions are not required and when a simple indi¬ 
cator will suffice. Obviously recording instruments are more ex¬ 
pensive and require more maintenance than indicating types. 
Furthermore, a recording instrument without a chart in place is 
not useful as an indicator. 

Industrial instruments of the recording type employ two differ¬ 
ent styles of recording charts: the circular recording chart, and 
the strip recording chart. 



Fiq. ll-l. Circular Recording Chart and Concentric Indicating Scale 

A circular chart is shown in Fig. 11-1. The circular chart is 
used on almost every kind of industrial instrument—flow, pres¬ 
sure, temperature, and level. This chart is based essentially on 
polar coordinates with the exceptions that the ^^zero^^ is moved 
away from the geometric center and the time lines are segments 
of an arc instead of straight lines. The chart is clamped at the 
geometric center and rotates about the center. 

The period of rotation of the circular chart is usually 8 hr, 24 
hr, or 7 days, although nearly any speed of rotation can be ob¬ 
tained by choosing a properly geared synchronous motor. Me¬ 
chanical (spring-driven) clocks can also be used where electric¬ 
ity is not available or not desirable. 

Circular recording charts are made in basically two sizes: an 
8-in. (approximate) diameter and a 12-in. (approximate) di- 
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ameter. The 12-m. chart is by far the most common in indus¬ 
trial work. The 8-in. chart is used in recording ambient tem¬ 
perature and humidity and in recording temperature of heated 
vats and the like, where accuracy of reading is not essential. 

The 12-in. circular chart has the following main advantages 
compared to a strip chart: 

1. The entire record of one process period (4, 8, 12 hr, etc.) is 
available at a glance. 

2. Long chart length (about 22 in. at 60 per cent calibration 
circumference) is available for one process period. 

3. It is easily filed for future reference. 

It has the following limitations: 

1. Time values toward the center are diflBcult to read. 

2. The chart must be changed once every process period (4, 
8, 12 hr, etc.) 

The circular chart is most advantageously used to record a 
mildly fluctuating variable at about 50 per cent of scale span 
where the process period is not greater than 24 hr. 

Circular charts are printed under carefully controlled tempera¬ 
ture and humidity conditions on a high-grade paper. Humidity 
variations under actual use causes the paper to expand and con¬ 
tract. Since the fibers in the chart paper run in one direction, 
this causes the chart to expand or contract to elliptical shape. 
The error in calibration is very small and is not corrected or 
compensated. 

A strip recording chart is shown in Fig. 11-2. The strip chart 
is generally used on the potentiometer-type instrument or on the 
resistance thermometer. The chart is driven from the supply 
roll to the reroll by a synchronous motor. The speed of move¬ 
ment of the paper is usually given in inches per hour, 1, 2, and 
4 in. per hr being very common. Speeds up to 20 in. per hr are 
available. 

The strip recording chart used with the recording-pyrometer- 
and resistance-thermometer-type instruments has rectangular 
coordinates and a width of approximately 10 in. Strip record¬ 
ing charts for galvanometer-type instruments are not so common 
in recent years. These are usually about 6 in. in width, and 
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the time lines consist of arc segments instead of straight lines— 
because the pen on such an instrument is arranged to move iti 
an arc. 

The strip chart has the following main advantages compared 
to the circular chart: 

1. It does not require frequent changing. 

2. Long process periods (24 hr or longer) are easily recorded. 

3. Readability is the same at all values of scale span. 



Fig 11-2. Sirin Recording Chart and Linear indicating Scale 

It has the following limitations: 

1. A limited length of the chart is visible (usually about 8 in.). 

2. It is difficult to file and not easily used for reference. 

The strip chart is most advantageously used to record a vari¬ 
able changing between v ide limits and to record a variable over 
very long process periods. 

Humidity variations cause the strip chart to change width, 
and this is the reason for the oblong slots on the left side of the 
chart in Fig. 11- 2. As with circular charts, the error is very 
small, but it is better to avoid wide changes in humidity. 

Recording instruments may also include an indicating scale. 
The circular-chart-recording instrument of Fig. 11-1 includes an 
indicating scale. The slrip-chart-recording instrument usually 
is arranged with a bnear indicating scale as shown in Fig, 11-2. 
Multiple-point recorders are used to record several variables 
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on one chart. Several variables can be recorded on one chart 
wiien they do not vary greatly with time and when they are sep¬ 
arated (not close together) in value. The variables should not 
vary through wide limits, because this produces a confusing array 
of criss-crossing lines. Furthermore, each variable should be 
positively identified. When one is recording several variables 
on a circular chart, it is well to remember that the portion of 
the chart from 0 to 10 or 15 per cent of scale span is not gener¬ 
ally useful because the time scale is so short. 



Circular-chart instruments may continuously record up to 
three and sometimes four variables, and these may be almost 
any measured quantity. Such instruments usually have four 
sep)arate measuring means and four separate recording pens, so 
that they are essentially four instruments in one, with each 
variable recorded by an independent means. It is possible to 
record up to six variables on one circular chart by employing 
six separate measuring means but operating one recording pen 
alternately from each of the measuring means. 

Strip-chart instruments, generally the potentiometer or re¬ 
sistance-thermometer instruments, are arranged with a multiple- 
})oint switch in such a fashion that several thermocouples or 
resistance bulbs are alternately connecting into the measuring 
f ircuit. The instrument then ^‘prints’' by depositing a dot or a 
plus sign or other mark on the chart. Four, eight, and sixteen 
variables may be recorded in this manner, the individual records 
identified by means of a color or by a number or both. The 
printing is accomplished periodically, usually every 15 sec to 2 
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min, as a series of dots or dashes. A portion of a six-record 
chart is shown in Fig. 11~3. 

Indiccxtixxg cmd Signcding Instruments 

An indicating instrument is used when only the present value 
of the variable has meaning and the past record is of no conse¬ 
quence. 



Fig. 11-4. Eccentric Scale in- Fio. 11-5. Concentric Indi- 
dicator eating Scale 


Indicating scales are of three types: the eccentric scale, the 
concentric scale, and the linear scale. Tiie eccentric scale, shown 
in Fig. 11--4, is commonly used on mechanical instruments such 
as pressure thermometers, flowmeters, and pressure gages. The 
scale length is usually about 8 in. but may be much smaller. 
The concentric scale shown in Fig. 11-1 and in Fig. 11-5 is used 
for nearly all kinds of instruments. The scale length is usually 
about 25 in. in the precision-type instrument. In simple diai- 
type pressure gages and thermometers the scale length may be as 
small as 3 in. The linear scale shown in Fig. 11-2 is commonly 
used only on the potentiometer-resistance-thermometer-type in¬ 
strument. For such instruments an indicator is made simply by 
omitting the strip chart, chart drive, and pen. Oalvanomeier- 
type millivoltmeters euiploy a linear scale in a curved form. 
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The use of the various indicating instruments is generally re¬ 
stricted, because a free choice of scale types is not possible. For 
readability there can be no doubt that the concentric scale gen¬ 
erally offers the greatest scale length in the smallest space. 

Signaling instruments are very effective when it is only neces¬ 
sary to indicate that the variable is within certain limits. This 
is accomplished by electric contacts or switches suitably oper¬ 
ated from a measuring means such as a thermometer pressure 
spring, liquid-level float, or thermocouple pyrometer. Signal 
lights or horns are used for visual or audible signal. 
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Signaling systems should be positive; that is, a system should 
require an operator to look for a specific combination of signals 
before performing an operation. An example of poor signaling is 
to permit a process operation to proceed only when no signal is 
evident. This does not force the operation of checking a signal 
inoo the process-operation cycle, and it will likely be overlooked. 
Furthermore, such procedure is unsafe, because no signal may 
simply mean that the power is off. 

The common signaling systems are shown in Fig. 11-6. These 
are: (1) the ^‘hi-low” system, which is useful for indicating when 
a variable has passed a given point (This is sometimes used 
without the high or the low); (2) the ^'hi-low-neutraF' system, 
whi^’b is widely u^ed to indicate that a process operation may 
proceed only when the amber light is on; (3) the ‘^5-position'' 
sy^dern, which provides more information on the value of the 
variable. For example, some process operations may proceed 
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when the amber light only is on, and some operations ma> pro¬ 
ceed when the amber and either red or green lights are on. 

Transmission of Instrument Readings 

It is very often necessary to measure a variable at one point 
and to indicate its value at another point located a considerable 
distance from the first. Tlie distances involved vary from a few 
feet up to several thousand feet. 

For mechanical instruments, transmission of readings must be 
considered at distances greater than 50 ft, because the additional 
measuring lag and the })ossibility of ambient-temperature errors 
increase rapidly with distance. The manometer differential- 
pressure instrument (as in flowmeters) should not be used with 
connecting lines longer than about 50 ft. Long lines cause con¬ 
siderable difficulty with spurious liquid heads, and the resulting 
errors may be large. A pressure-spring thermometer with a 
capillary greater than 150 ft in length is costly, and the instru¬ 
ment is then subject to ambient-temperature errors. Pressure- 
gage connecting lines should be short, because long lines intro¬ 
duce considerable damning. 

Pneumatic transmission has been illustrated in earlier chapters 
and is exemplified by the pressure thermometer with pneumatic 
transmission, the pneumatic differential-pressure transmitter, the 
pneumatic liquid-level transmitter, and the specific-gravity 
transmitter. Pneumatic transmission is generally operated on 
transmitted pressures of about 0 to 20 psig. The receiver is sim¬ 
ply a pressure gage of 0 to 20 psi calibration. Actual calibration 
can then be made in terms of temperature, flow, liquid level, or 
whatever variable is desired. 

Practically the only limitation to the distance between trans¬ 
mitter and receiver in pneumatic transmission is the lag caused 
by the resistance and volume of the connecting tubing. Gener¬ 
ally the tubing is standard %- or %-in, (outside-diameter) cop¬ 
per tubing. The lag caused by the tubing results from the re¬ 
sistance, and the volume and tubing up to 34 diameter has 
much less lag than tubing smaller than 34 The lag of trans¬ 
mission is relatively small up to 500 ft length. Pneumatic trans¬ 
mission can be used up to 2000 P di&tance, providing the lag is 
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reduced by all possible means. To reduce lag to a minimum it is 
the practice to install booster pilots at intervals of 200 to 500 ft 
along the transmission line. 

For electHc transmission with electric instruments there is 
theoretically no limitation to distance between measuring ele¬ 
ment and instrument. In practice, there is the additional re¬ 
sistance of long lines, which may reduce the sensitiveness of 
ineasurement. In temperature measurement long connecting 
lines may make accurate ambient-temperature compensation 
difficult. 

Electric transmission is illustrated by the inductance-bridge 
system used in the differential-pressure transmitter, the specific- 
gravity meter, the rotameter transmitter, the area-meter trans¬ 
mitter, and the viscosity meter. Electric transmission can be 
considered inherent in such instruments as the thermocouple 
pyrometer, the resistance thermometer, and other electric meas¬ 
uring instruments where a reasonable distance may separate the 
measuring element and the instrument. 

In inductance-bridge systems the only practical limitation to 
the distance of transmission is the increasing dead zone caused 
by the reduced current in the bridge when line resistance is 
high. Distances up to 2000 ft have been covered satisfactorily. 
The lack of sensitivity of the instrument at long transmission 
distances is generally not too serious, so long as the instrument 
is not an automatic controller. 

The electric-pulse system employs a constantly rotating cam 
at the transmitter to operate a switch. The percentage time on 
of the switch is determined by the position of the transmitter pen 
(or measuring element). The duration of each cycle is deter¬ 
mined by the speed of the rotating cam (usually once every 15 
sec). Thus a square-wave voltage is passed over the two con¬ 
necting wires to the receiver. The receiver employs, in effect, 
a constantly rotating cam and an electromagnet operating tne 
receiver pen or pointer through a clutch mechanism. The pen or 
pointer is positioned by the difference in duration of the pulse 
received from the transmitter and the pulse from the cam mech¬ 
anism at the receiver. The system may operate over any two- 
wire system (even a telephone circuit), and synchronization is 



Transmission of Instrument Readings 331 

not required. The distance of transmission is therefore un¬ 
limited. 

With automatic controllers an additional element is intro¬ 
duced into the problem of transmission by the consideration of 
the automatic-control circuit. When the transmission line is in¬ 
cluded in the automatic-control circuit, the measuring lag and 
the controlling lag can become very great. This point is of con¬ 
sequence in pneumatic transmission. Figure 11-7 illustrates two 
methods of arranging transmission when automatic control is in- 
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Fig. 11-7. Arrangement of Transmitter-Controllers 

volved. In the circuit on the left, the transmitter is located at 
the pipe line and transmits the flow readings to the receiver lo¬ 
cated some distance aw'ay. The receiver is also a controller and 
transmits the control impulse back to the final control element. 
Thus the transmission-line lag is included twice in the control 
circuit. In the circuit on the right of Fig. 11-7, the instrument 
at the pipe line is a combined controller and transmitter. Auto¬ 
matic control is accomplished entirely at the pipe line without 
extending the control circuit over great distances. Such an ar¬ 
rangement results in much better quality of control. 

In many applications there is little need for locating the con¬ 
troller at the control center. The industrial automatic controller 
is reliable in operation and generally requires no further adjust¬ 
ment after its initial installation. Employing a controller-trans¬ 
mitter allows the receiver to be made a multiple-point recorder, 
and several variables may be indicated on one chart. 
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The Control Center 

Instrumentation equipment (instruments and automatic con¬ 
trollers) are generally grouped at one location near the processing 
unit or manufacturing operation which they serve. This group of 
instrumentation equipment may be termed a control center since 



Fig. 11-8. Control Center for Open-Hearth Furnace (simplified from 

actual practice) 

it controls or aids an operator in controlling the process opera¬ 
tion. Actually the fundamental purpose of instrumentation is 
control of production quality or quantity. 

The control center may include only a single instrument 
‘^hung” on the process equipment, or it may consist of hundreds 
of instruments and controllers housed in a separate building. 
The control center for an open-hearth furnace is shown in Fig. 
11-8. This is a relatively simple example in which instruments 
and controllers for furnace-draft pressure, furnace temperatures, 
fuel flow, and process timing are included at one station. The 
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center is located adjacent to the open-hearth furnace so that the 
operator in charge may readily maintain the desired operating 
conditions. 

The control center should be arranged in a separate enclosure 
or room if this is at all feasible. A separate enclosure is the 
most effective way of providing clean, dry ambient conditions, 
which are vitally necessary in the operation of any precision 
equipment. In any event, the control center must have: 

1. Clean dry atmosphere. 

2. Relatively constant temperature and humidity. 

3. No vibration. 

4. Adequate light. 

5. Unfailing source of electric power free of surges in voltage 
and frequency (when electrical measurements are used). 

6. Unfailing source of clean dry air of constant pressure and 
required capacity (when pneumatic equipment is used). 

Air conditioning at the control center is relatively common 
practice in satisfying the first two requirements for proper am¬ 
bient conditions. In nearly all cases air conditioning pays for 
itself not only in the savings from instrument-equipment main¬ 
tenance but also in increased efficiency of the workers and oper¬ 
ators. In large control centers the use of color dynamics is al¬ 
most a necessity in identification of equipment and connecting 
lines. 

The control center should be located near the processing oper¬ 
ation for close cooperation between process and control center. 
Because of the physical size of some plants, it is necessary to 
consider two types of plant and instrumentation layout: the 
central layout and the unit layout. 

Central layout is illustrated in the hypothetical plant of Fig. 
11-9 where the control center is common to all operations. The 
instrumentation for all plant operations (material storage, ma¬ 
terial treatment, first refining, second refining, separation, and 
product storage) is included in the control center. The control 
center then becomes the operating center of the plant. For a 
plant of any reasonable size the control center will probably 
include from 50 to 500 instruments. At the control center the 
instrumentation equipment is conveniently grouped on panel 
boards around the control-center room. This room is completely 
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enclosed, air-conditioned, properly lighted, and clean. The ob¬ 
vious advantages of central layout are that the coordination of 
all plant operations is greatly facilitated and service and main¬ 
tenance of instrumentation equipment are quickly and easily 
accomplished. 



Fig*. 11-9. Central Layout of Control Center and Plant 


Unit layout is shown in Fig. 11-10 for another hypothetical 
plant. Separate control centers for each operation may be used 
because of the physical size of the whole plant or because the 
operations require no coordination. The control centers in this 



Control center Control center Control center 

Fig. 11-10. Unit Layout of Control Center and Plant 


case may be located in separate enclosures, or, as is common 
when the plant is inside a building, open panel boards are set 
up near each unit. A type of unit control center is shown in 
Fig. 11-11. It is often employed in steel mills and cement plants, 
where extra protection from dirt and damage is desirable. The 
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house is usually constructed of concrete or cinder block with a 
window on one side. The window faces the process unit or opera¬ 
tion floor, so that the process operator or supervisor may readily 
check on various operations without entering the enclosure. Unit 
layout has the advantages that the contnd center is close to the 
processing unit and coordination between processing unit and 
control center is improved. 



Fig. 11-11. Unit Control-Center Enclosure 


Instrumentation Diagram 

The purpose of an instrumentation diagram is to provide in¬ 
formation quickly for use in process analysis, production con¬ 
trol, specification of equipment, and preparation of equipment 
requisitions. The instrumentation diagram is constructed on 
the basis of a process flow diagram. It is intended to show tlie 
schematie layout of the process and plant equipment, togetl<i‘r 
with tlie instrumentation equipment used with the process. Dm 
instrumentation diagram does not show the scale (size) of the 
equipment or the technical specifications of the eciiiipment. 

With regard to instrumentation equipment the diagram should 
show all major items; in some cases minor items may be omitted. 
It should indicate: 

1. The variable being measured. 

2. Whether indication, recording, or other service is required 

3. Whether control or alarm functions are required. 

4. The auxiliary features of the instrument or controller. 
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5. The type of connecting lines. 

6. The approximate location of the point of measurement and 
point of control. 

7. Which instrumentation is to be included in the control cen¬ 
ter and which is to remain at the processing unit. 

The symbols ^ for instrumentation diagrams are shown in Fig. 
11-12. The specifications^ for instrumentation diagrams are 


O lnstrument- 
locally mounted 

© Instrument— 
at control center 


8 Instrument- 
two services 


0 Instrument- 
transmitting 



Control valve- 
pneumatic 


S 


Control valve- 

electrically 

operated 


Control valve— 

hydraulically 

operated 



Controller— 

cK self- 

‘-p contained 


Process¬ 
connecting lines 


Orifice for flow 
measurement 


Other point of 
measurement 


■ . . ' " Fluid-pressure line 

Electric lines 
Pneumatic lines 
H—H- Capillary line 


Fig. 11-12. Symbols for Instrumentation Diagrams 


given in Table 11-1. The following notes pertain to the use of 
symbols: 

1. Primary measuring elements have the same identifica¬ 
tion as the instruments to which they connect. Where an ele- 


Table 11-1. Identifications on Instrumentation Diagrams 


First Letter 
D—Density 
F—Flow 

H—Hand-actuated 
L—I^evel 
M—Moisture 
P—Pressure 
T—^Temperature 


Second Ix^tter 
A—Alarm 
C—Control 
E—Element (primary) 

G—Glass (no measurement) 
I—Indicating 
R—Recorder 
S—Safety 
W—WeU 


Third Letter 
A—Alarm 
C—Control 
V~Valve 


2 These symbols conform in general to the tentative specifications of 
tlie Recommended Practices Committee (subcommittee RP-5) of the In¬ 
strument Society of America. 
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merit does not connect to any instrument, it carries separate iden¬ 
tification. Where more than one element connects to the same 
instrument, they can be identified by suffix numbers after the 
item number. 

2. Each element of any combination instrument that includes 
more than one service should have its own identification. 

3. For remote transmission both the receiver and transmitter 
are identified in accordance with the combined service of the 
item. 



Fig. 11-13. Instrumentation Diagram (rayon slashing operation) 

4. Each control va’^ e has the same identification as the con¬ 
troller to which it is connected. Where more than one valve is 
connected to the same controller, they can be identified by suf¬ 
fix letters added to the number of the item. 

An instrumentation diagram is given in Fig. 11-13 for a rayon¬ 
slashing operation. Briefly, the rayon cloth passes through the 
size box at the left of the diagram where it becomes satu¬ 
rated with size. (Size can be considered similar to starch.) 
The cloth then pass^^s over the drying cylinders to the reel. The 
cloth must be dried to a closely controlled value of moisture 
content. The instrumentation diagram shows the following 
equipment. A moisture recorder-controller (MRC-1) measures 
the moisture of the cloth at the reel by electric means and con¬ 
trols electrically the variable-speed drive unit. Separate non¬ 
indicating temperature controllers (TC) are used at each dr^fing 
cylinder. The controllers are pressure-spring thermometers with 
pneumatic control. The level in the size box is controlled by a 
nonindicating controller (LC-1) with electrical measuring means 
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and pneumatic control. The temperature of the size box is con¬ 
trolled by a nonindicating pressure-spring thermometer with 
pneumatic control. The drying-cylinder temperature controllers 
are mounted on the unit. The moisture controller^ the size-level 
controller and the size-temperature controller are located at the 
control center. 

An instrumentation diagram for a more complicated process 
is shown in Fig, 11~14. Briefly, the material being treated passes 



Fig. 11-14. Instrumentation Diagram (desulfurization unit) 


hrough the desulfurizer heater (2) and then to the catalyst 
hambers (4). Steam is superheated in the heater (3) and is 
assed to the catalyst chambers. Air at high pressure is also 
itroduced to the catalyst chambers. The treated product leaves 
he catalyst chambers and passes on to the next process. Each 
)f the instruments and controllers can be identified by means 
)f the standard symbols. 

fhe Diagrarmncctic Control-Center Layout 

Many large continuous-processing plants employ the central 
layout for the control center in order to obtain the best coordina¬ 
tion of processing operations. The control center then consists 
of a large building with hundreds of instruments and automatic 
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controllers mounted on panel boards around the walls of the 
building. This physical arrangement defeats its purpose by pre¬ 
senting such a confusing array of control equipment that co¬ 
ordination is difficult if not impossible to achieve. Much effort 
has been directed toward designing a more compact and cen¬ 
tralized control center. 

The diagrammatic control center is a means of obtaining bet¬ 
ter coordination of plant operation. This arrangement of the 
control center includes two sections: an operation panel and a 
record panel. The operation panel is made by reproducing the 
instrumentation diagram on a metal panel board in the control 
center. All instruments and controllers are placed in appro¬ 
priate positions on the diagram and arranged to indicate or signal 
the actual magnitude of the corresponding variable at the proc¬ 
essing unit. The record panel, arranged on a separate panel 
board, includes all the necessary recorders and indicators for 
gathering more complete data than it is necessary to provide 
at the operation panel. 

The operation panel is illustrated in Fig. 11-15 from a sche¬ 
matic layout provided by Panellit Inc. and Moore Products 
Company. The inst* unentation diagram, together with the in¬ 
dicators necessary for determining the conditions in the process¬ 
ing unit, greatly simplifies operating techniques. Abnormal con¬ 
ditions may be determined almost at a glance. The dial indi¬ 
cators are small dial-type pneumatic receivers calibrated to read 
in terms of the corresponding variable measured at the process¬ 
ing unit. Provision is made for adjusting set point and per¬ 
forming other necessary control manipulations directly at the 
operation panel. Other indicators employ color signals to show 
proper operating conditions. 

The record panel serves to provide a record of performance 
and more complete data on operating conditions. This is accom¬ 
plished by six-reccrd circular-chart instruments for recording 
the variables indicated at the operation panel and the auxiliary 
variables. Multiple-point indicators are used for checking such 
individual variables as may require it. 

The diagrammatic control center has been constructed in other 
forms than that of Fig. 11-15. However, the principle employed 
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Fig. 11-15. Diagrammatic Control Center {Reproduced by permission oj 
Panellit Inc. and Moore Products Company) 


in all such control centers is to provide simple operating pro¬ 
cedures. 


Process Analysis 

In applying instrumentation to a process it is first necessary 
to determine what variables in the process operation are of sig¬ 
nificance. In other words, it is necessary to decide what is to be 
measured and what it means. Measuring instruments are useful 
in providing information on which can be based the guidance 
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and control of the whole operation. Some operations do not 
require much instrumentation. In some heat-treating opera¬ 
tions satisfactory results can often be obtained with only a 
simple temperature indicator (often an experienced operator 
can do very well by eye!). Such is not the rule, however. In 
modern industrial operations as many as 30 or more separate 
variables may be important. Some orderly procedure must be 
used to apply instrumentation to a plant. Otherwise there will 
be too little coordination and too many mistakes. 

Instrumentation must be considered early in the design of the 
plant. This may be as early as the research stage for some 
critical processes in which the efficiency or the economy depend 
on the accuracy of performance of the instrumentation. For 
example, if all the operations of a continuous process can be 
closely controlled, then provision for temporary storage between 
operations is not necessary. Research and development on the 
process operations then need to be concentrated on the perform¬ 
ance of the instrumentation equipment. 

A procedure for analyzing a process and applying instrumen¬ 
tation can be given a., follows: 

1. Divide the plant function into the smallest operation ele¬ 
ments or operation units. 

2. List all variables (temperature, pressure, flow rate, compo¬ 
sition, etc.) that may affect each process operation element. 

3. Add to this list ambient temperature, ambient humidity, 
barometric pressure, sun and wind conditions. 

4. Divide this list of variables into four groups: 

(а) Variables to be controlled automatically. 

(б) Variables to be measured continuously, 

(c) Variables to be measured periodically. 

(d) Variables neither measured nor controlled. 

5. For each variable of the automatic control group, select: 

(а) A method of measurement that will provide data most 
indicative of the desired process performance. 

(б) A location for the controller—at the control center or 
on the unit. 

(c) A style of controller—^nonindicating, indicating, or re¬ 
cording. 
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{d) A mode of control that will provide the desired per¬ 
formance in view of the process dynamics. 

6. For each variable of the continuous measurement group, 
decide: 

(a) What method of measurement will provide data most 
indicative of the desired process performance. 

(b) Whether signaling, indication, or recording is most de¬ 
sirable. 

(c) Whether the signal device, indicator, or recorder is to 
be located at the control center or at the unit. 

7. For each variable of the periodic measurement group, de¬ 
cide on a method of performing the measurement and the fre¬ 
quency with which the measurement must be made. 

8. Construct an instrumentation diagram. 

This outline is, of course, not complete in detail. Before ar¬ 
riving at the last step every detail of the installation and acces¬ 
sory equipment of each instrument and controller will have been 
considered. The example at the end of this chapter is designed 
to illustrate the procedure of applying instrumentation. 

Instrumentation in the Modem Plant 

The supervision of instrumentation within the organization of 
modern plants is the responsibility of the factory manager or 
works manager. The operation or use of the instrumentation 
equipment is usually separated from the service or maintenance 
of the instrumentation equipment. 

The instrumentation equipment in a plant is used as a part 
of the regular production equipment. As such, the operating 
departments of the plant are responsible for its efficient opera¬ 
tion. The servicing and maintenance of instrumentation equip¬ 
ment is the responsibility of the maintenance center of the plant. 

The organization chart in Fig. 11-16 is typical of many 
average-size plants. The instrument department, as it is gener¬ 
ally called, consists of all the personnel involved in the servicing 
and maintenance of instrumentation equipment. Direct author¬ 
ity for this function is delegated by the factory manager througl 
a plant engineer. Usually the purchasing agent, the personr 
director, and the manager of engineering act in an advisory ' 
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pacity directly with the instrument depart;ment. These relations 
have become necessary because of the complex and technical na¬ 
ture of instrumentation equipment. 

There is generally an instrumentation engineer associated with 
the engineering department. His responsibility is to guide the 
selection of instrumentation equipment for new manufacturing 
and j)rocessing operations. The instrument engineer tlicrefore 



Fig. 11-16. Location of Instrumentation Functions in Plant Organization 

is primarily concerned with the process design, the process lay¬ 
out, and the control center via the instrumentation diagram. 
Genei’ally tlie instrumentation engineer consults with the instru¬ 
ment department and with the operating departments in the 
specification of new instrumentation equipment. This is very 
desirable from the standpoint of obtaining better cooperation 
and understanding in new operating and maintenance procedures. 

In the purchase and specifications for instrumentation equip¬ 
ment the instrument department acts directly with the purchas¬ 
ing agent. In actual practice, it usually results that the instru¬ 
ment department becomes respunsible for final selection of the 
instrumentation equipment, because, as has been mentioned 
previously, the equipment is so technical in nature. 
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The director of personnel cooperates directly with the instru¬ 
ment depaHment in obtaining the technical personnel and the 
specialized and skilled workers. 

The instrument department is generally divided into sections, 
the number of which depends cn the magnitude of production 
operations and the amount of instrumentation equipment in use. 
There is usually an engineering section, a repair section, a file 
and stores section, and a field-service section. 

The engineering section is called on for detailed orifice calcu¬ 
lations; flow calculations; electric-circuit engineering; design of 
instrument air, water, oil, and electricity power supplies; and 
all such functions of engineering on the job. 

The repair section takes on all the repair, maintenance, cali¬ 
bration, and testing of instrumentation equipment that can be 
brought into the maintenance center. This section is usually 
divided along lines corresponding to the kind of skilled techni¬ 
cians available. There will usually be an electrical technician; 
a mechanical technician; specialists in valves, orifices, and elec¬ 
tronics; and the skilled machinists. Too high a degree of spe¬ 
cialization at this level is not considered desirable. 

The file and stores section is necessary, first, to maintain com¬ 
plete records of equipment, and second, to control the use of sup¬ 
plies. It is important that a numbering and card system be em¬ 
ployed in checking maintenance on instrumentation equipment. 
An orderly system insures that periodic service is properly per¬ 
formed and provides ready information on localized failures of 
equipment. 

The field-service section is responsible for repairs, service, 
maintenance, and installation of equipment at the processing 
plant or unit. Field service is required when local failure, that 
is, any abnormal operation of the instrumentation equipment, 
occurs. Prompt and immediate field service is necessary to pre¬ 
vent costly process shutdown, and all functions of the field- 
service section must be directed toward this end. 

The instrument department may be located at the control- 
center building if the central control-center layout is used. This 
is desirable so that maintenance can be performed quickly. 
There is generally better cooperation between operating and 
servicing departments with this arrangement. Furthermore, bet- 
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ter working conditions are usually available at the control center 
than elsewhere. In the unit controbcenter h.yout the instru¬ 
ment department should be located conveniently in relation to 
the plant and processing operations. 

The instrument department is vitally concerned with the test¬ 
ing and calibration standards for instrument and automatic- 
control equipment. Ttie standards for temperature, pressure, 
and voltage arc the most important. 

Mercury-in-glass thermometers (laboratory type), thermo¬ 
couples, and resistance-thermometer bulbs are all used for refer¬ 
ence standards of temi^eratui’t^. These may be obtained with an 
error curve certified by the manufacturer. It is desirable to 
liave these standards certified by the National Bureau of Stand¬ 
ards. 

The reference standard for pressure is generally a series of 
'iead-WTight testers with an error curve for each. In addition, 
liquid-column manometers, wdien carefully used, may serve as 
reference standards for pressure. 

Voltage standards in millivolt ranges are used in calibrating 
potentiometer-, millivoltmeter-, and resistance-thermometer-type 
instruments. Laboratory precision potentiometers, together 
wdth resistance standards, can then be used for voltage, resist¬ 
ance, and current measurements. 

niustrative Problem in Instrumentolion 

The soaking jiit in tlic steel mill is used for bringing ingots up 
to a temperature of about 2300°F, They are then withdrawn 



Fia. 11-17. Direct-Fired Soaking Pit 


by a crane while heated and taken to rolling and forming oper¬ 
ations. The soakiiig pit in Fig. 11-17 is sunk into the ground 
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and is covered by a steel and ceramic brick cover. The cover 
is lifted and replaced by a crane during charging and drawing 
operations. The pit is fired by fuel oil, and the combustion 
gases pass out through a recuperator where waste heat is ex¬ 
tracted. 

The operation requires heating the ingots to the required tem¬ 
perature, unifonn throughout the ingot, in as short a time as 
possible without excessive scaling or burning of the metal. 

Making a list of variables affecting the over-all operation of 
the process, we have: 

1. Ingot temperature. 

2. Amount of metal in pit. 

3. Pit temperatures. 

4. Pit-temperature distribution. 

5. Wall and cover temperatures, 

6. Preheated-air temperature. 

7. Oil-flow rate. 

8. Oil-flow quantity, 

9. Heating value of fuel oil. 

10. Pressure of fuel oil. 

11. Ratio of oil to air for combustion. 

12. Fan speed, 

13. Stack draft. 

14. Stack temperature. 

to which are added: 

15. Ambient temperature. 

16. Ambient humidity. 

17. Barometric pressure. 

18. Sun and wind conditions. 

Before subdividing this list, it is necessary to consider the tem¬ 
perature control. It is desired to maintain the ingot at constant 
temperature. In accordance with the rule of direct measure¬ 
ment, we should therefore measure the surface temperature of 
the hottest ingot during heating so as to avoid scaling and burn¬ 
ing, After the ingots are up to temperature, the center tempera¬ 
ture of the coolest ingot should be measured so as to insure that 
all ingots have reached the minimum temperature for forming. 
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It is readily apparent that this procedure is physically imprac* 
tical. Therefore it is necessary to measure the pit temperature, 
which will be an average of wall, roof, ingot-surface, and pit- 
atmosphere temperatures. 

Next it is necessary to decide how to effect temperature con¬ 
trol. The pit temperature can be controlled by varying the fuel- 
oil flow rate, the heating value of fuel oil, the fan speed, or the 
stack draft. A short consideration of each of these manipulated 
variables shows that most effective control is obtained by vary¬ 
ing fuel-oil flow rate. 

The following group of variables will not be measured: 1, 2, 5, 
9, 10, 12, 15, 16, 17, and 18. It will be the job of the automatic 
control to overcome changes in all these variables. Actually all 
the ambient conditions affect the operation of this process. The 
student should consider the reasons why. 

The following group of variables will be intermittent meas¬ 
ured only when necessary: 6 and 14. 

The following group of variables will be continuously meas¬ 
ured: 4, 7, and 8. Oil-flow quantity is measured because in a 
heating operation of this magnitude the amount of fuel oil used 
must be accounted in job costs. 

The following group of \ariables will be measured and con¬ 
trolled: 3, 11, and 13. The oil~air ratio must be controlled for 
efficient combustion. The stack draft will be controlled to re¬ 
duce waste heat up the stack. The stack draft is controlled most 
easily by maintaining a positive static pressure within the pit. 

All instruments and controllers will be located in an enclosed 
control center because of dust conditions, highly fluctuating am¬ 
bient temperatures, and possibility of mechanical damage in a 
soaking-pit building. 

As shown on the instrumentation diagram in Fig. 11-18, the 
following instrumentation equipment is selected: 

6 and 14, These temperatures may be required infrequently 
to aid in burner and damper adjustments and to insure efficient 
combustion. Use an indicating millivoltmeter with thermocou¬ 
ples (TI-1) and a manual selector switch (Tl-la). 

4. Pit-temperature distribution can be measured by several 
thermocouples pr radiation receivers located around the pit. 
Actually it is sufficient to measure the temperatures at the exits 
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from the pit to the recuperator. An even distribution of tem¬ 
perature here indicates uniformity in the pit. This will require 
a two-record potentiometer with thermocouples (TR-1). 

7 and 8. Oil-flow rate and quantity can be measured either 
by a quantity meter or an area meter. A recording area meter 
with integrator is preferred, because the fuel-oil supply is not 
usually clean in steel plants (often tars are added to the fuel 
oil). A recorder is used, because a reference is desired for de- 



Fio. 11-18. InstrumenLation Diagram—Illustrative Problem on Direct- 

Fired Soaking Pit 


termining rates used during heating and for setting burners 
(FR-1 and FRC-l). 

3. Pit temperature can be measured with either a thermo¬ 
couple or a radiation receiver. Although the choice is quite 
open, we shall select a radiation unit with target tube to avoid 
the necessity of replacing thermocouples at this temperature 
(2300°F). The controller will be a single-point recording po¬ 
tentiometer (automatic balance) (TRC-1). Pneumatic control 
is selected because of the ease of accomplishing shutoff. This 
occurs when the cover is removed to draw an ingot. It is neces¬ 
sary to shut off the fuel at this time. This is accomplished by 
arranging a limit switch at the cover (TRC-la) to close a sole¬ 
noid valve in the air line to a diaphragm valve in the fuel-oil 
line. This automatically closes the diaphragm valve since it 
opens by air pressure and closes by a spring. 
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11. The fuel-air ratio does not need to be either indicated or 
recorded. The oil-flow rate is measured by an orifice, by the 
burner nozzle-back pressure, or by an area meter. The ratio of 
the two quantities is measured automatically, and a butterfly 
valve in the air line is controlled. 

13. The static pressure in the pit should be indicated by a draft, 
gage and controlled by positioning a stack damper (PIC-1 
and PR-1). 

Actually in this problem we have used considerably more in¬ 
formation than would be available to the beginning student of 
instrumentation. 

Problems 

11-1. Make a list of instruments and primary elements having good 
over-all operation in the following ranges: 

(a) ~100“F. 

(b) a-100"F. 

(c) 10a-600^F. 

(d) 1000-1400®F. 

(e) 2000-2800^F. 

11-2. In a tempers ^ure-measurement application there is a question of 
accuracy. In the following examples, briefly describe methods for check¬ 
ing accuracy, assuming no pliysical limitations: 

(a) Mercury thermometer measuring temperature in a closcxi vessel con 
taining hot liquid at SOO^'F. 

{b) Iron-Constantan thermocouple with potentiometer pyrometer meas¬ 
uring temperature ir an air-annealing furnace at 1200* F. 

(c) Radiation pyrometer sighted on a brick wall at 2000®F. 

11-3. A temperature-measuring instrument is to be used in a gas plant 
having an explosive atmosphere. The temperature is 325®F. What instru¬ 
ment should be St lected? 

11-4. Instruments are often installed in open country, as in pipe-line 
installations. Make a sketch showing how a manometer flowmeter could 
be protected from low and high ambient temperatures. Electricity iti 
available. 

11-5. A temperature of 150®F is to be measured in a gas holder located 
1 mile from the point where a recorder is desired. Select an instrument 
for this service. 

11-6. It is desired to measure the flow quantity in a 6-in. gas line with 
a line pressure of 20 psig. No elec ricity or compressed air is available. 
Select an instrument for this service. 

11-7. What flowmeters are satisfactory for measuring flow rate of liquids 
containing suspended solids? 




Fig. 11-19. Ingtnimentation for a Steam Power Plant 
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11-8. What types of flowmeters operate most satisfactorily when density, 
viscosity, or temperature of the flowing fluid fluctuates? 

11-9. Instrument the process, and draw an instrumentation diagram for 
an 8-room house with an oil-fired steam-heating system. Assume a control 
center is placed in a hallway. 



Steam to 
humidifier 


Steam to 
heater 


Fresh air 


PC-l Static pressure IRC-2a Diaphragm valve 

TRC-1 Wet-bulb temperature TRC-la Damper control 

TRC-2 Dry-buib temperature PC-la Damper control 
IRC-lb Diaphragm valve 

Fig. 11-20. Instrumentation of Air-Conditioned Smokehouse for Smoking 

Meat 


11-10. Instrument the process, and draw an instrumentation diagram for 
a medium-size steam plant with oil firing. The plant produces steam at 
200 psig for healing and processing uses, and the demand is fairly steady. 

11-11. Instrument the process, and draw an instrumentation diagram for 
an air-conditioned film-storage room 8 ft by 8 ft by 30 ft long. The air 
must be changed once in 10 min. The relative humidity is to be 40 per 
cent and the temperature 60‘’F. 

11-12. Study the instrumentation arrangement for the steam power plant 
in Fig. 11-19, (a) For a small power plant, the budget does not allow 

all the instruments sh ^wn. Which 10 instruments could be dispensed 
with? (b) Select the make, style, and model of each of the instruments 
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—J Bottom product 

Fig. 11-21. Instrumentation for NaiTow-Range Fractioning Column 
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shown, (c) For the four controllers shown, select the controller action 
(mode) for each, id) Make a sketch of a panel board for the instrumen¬ 
tation equipment shown. 

11-13. Criticize the instrumentation of the smokediouso in Fig. 11-20. 
(a) Why does the dry-buib control the heater, and the wet-bulb the fresh 
air damper and humidifier? (6) If rigid control of moisture content were 
desired, suggest another measuring instrument to replace the two tem¬ 
perature controllers, (c) Why is static-pressure control necessary? Should 
static pressure or absolute pressure be controlled? 

11-14. Study the instrumentation diagram of the fractionating column 
in Fig. 11-21. (a) If the column is used to separate normal propane and 
isopropane, can Gibbs’ phase rule be used to determine whether both 
pressure control and temperature control are necessary? (6) If pure com¬ 
ponent separation is attempted, would a continuous-recording spectrometer 
be useful? (c) Liquid level in the condensate tank is controlled by a 
valve in the overhead product line. Does self-regulation in the process 
help this controller? (d) Pressure control is accomplished by adjusting 
the set point of the cooling-water-flow controller at the condenser. Pres¬ 
sure control through thermal effect is often poor. Why? Suggest a differ¬ 
ent arrangement for pressure control. 

11-15. Write down as many specifications as you can for the instru¬ 
ments shown in Fig. 11-14, using only data shown by the instrumentation 
diagram. 
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Table A~1. Fixed Points of tiie International Temperature Scale * 


Fundamental and Primary Points 


Equilibrium at, Standard Pressure of 

°C 

op 

Oxygen, liciuid and vapor 

-182.970 

-297.346 

I(*e and air-saturated vapor 

0 

32 

Wab^r, liquid and vapor 

100 

212 

Sulfur, liquid and vapor 

444.600 

838.280 

Silver, solid and liquid 

960.8 

1761 

'Gold, solid and liquid 

1063.0 

1945.4 

Secondary Fixed Points 


Point of 

°C 

"F 

Carbon dioxide, solid-vapor equilibrium 

-78.5 

-109 

Mercury, freezing 

-38.87 

-37.97 

Naphthalene, liquid-vapor equilibrium 

218.0 

424.4 

Tin, freezing 

231.9 

449.4 

Benzophenone, liquid-vapor equilibrium 

305.9 

582.6 

Cadmium, freezing 

320.9 

609.6 

Lead, freezing 

327.3 

621.1 

Mercury, liquid-vapor equilibrium 

356.58 

673.85 

Zinc, freezing 

419.5 

787.1 

Antimony, freezing 

630.5 

1167 

Aluminum, freezing 

660.1 

1220 

Copper, freezing in reducing atmosphere 

1083 

1981 

Nickel, freezing 

1453 

2647 

Palladium, freezing 

1552 

2826 

Platinum, freezing 

1769 

3216 

Rhodium, freezing 

1960 

3560 

Iridium, freezing 

2443 

4429 

Tungsten, melting 

3380 

6116 


^ Natl Bur. Standards J. Research^ 42, 209 (Mar. 1949). 
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Table A - 2 . Temperature CoNVERsroN, ®C to ®F to • 


- 469.4 to - 

-120 

- 

120 to 

-80 

- 

80 to - 

-40 


-40 to 0 

“C 


“F 

"C 


op 



Of 

T 


“F 

-273 

- 459.4 

- 84.4 

-130 

- 184.0 

- 62.2 

-00 

- 112.0 

- 40.0 

-40 

- 40.0 

-268 

-459 


- 83.9 

-no 

- 182.2 

- 81.7 

-70 

- 110.2 

- 39.4 

-89 

- 38.2 

-262 

-449 


- 83.3 

-118 

- 180.4 

- 61.1 

-78 

- 108.4 

- 38.9 

-38 

- 36.4 

-267 

-439 


- 82.8 

-117 

- 178.6 

- 60.6 

-77 

- 106.6 

- 38.3 

-87 

- 34.6 

-251 

-439 


- 82.2 

-no 

- 176.8 

- 60.0 

-76 

- 104.8 

- 37.8 

-36 

- 32.8 

-246 

-411 


- 81.7 

-115 

- 175.0 

- 59.4 

-75 

- 103.0 

- 37.2 

-85 

- 31.0 

-240 

- 4 H 


- 81.1 

-114 

- 173.2 

- 68.9 

-74 

- 101.2 

- 36.7 

-84 

- 29.2 

-234 

-399 


- 80.6 

-113 

- 171.4 

- 58.3 

-73 

- 99.4 

- 36.1 

-33 

- 27.4 

-229 

-389 


- 80.0 

-113 

- 169.6 

- 57.8 

-72 

- 97.6 

- 35.6 

-32 

- 25.6 

-223 

-379 


- 79.4 

-111 

- 167.8 

- 57.2 

-71 

- 95.8 

- 36.0 

-31 

- 23.8 

-218 

-369 


- 78.9 

-no 

- 166.0 

- 56.7 

-76 

- 94.0 

- 34.4 

-30 

- 22.0 

-212 

-359 


- 78.3 

-109 

- 164.2 

- 56.1 

-00 

- 92.2 

- 33.9 

-29 

- 20.2 

-207 

-349 


- 77.8 

-108 

- 162.4 

- 55.6 

-03 

- 90.4 

- 33.3 

-28 

- 18.4 

-201 

-339 


- 77.2 

-107 

- 160.6 

- 56.0 

-07 

- 88.6 

- 32.8 

-27 

- 16.6 

-196 

-330 


- 76.7 

-106 

- 158.8 

- 54.4 

-00 

- 86.8 

- 32.2 

-26 

- 14.8 

-190 

-319 


- 76.1 

-105 

- 157.0 

- 53.9 

-65 

- 85.0 

- 31.7 

-25 

- 13.0 

-184 

-309 


- 75.6 

-104 

- 155.2 

- 53.3 

-04 

- 83.2 

- 31.1 

-24 

- 11.2 

-179 

-399 


- 75.0 

-108 

- 153.4 

- 62.7 

-63 

- 81.4 

- 30.6 

23 

- 9.4 

-173 

-380 


- 74.4 

-102 

- 151,6 

- 52.2 

-03 

- 79.6 

- 30.0 

-22 

- 7.6 

-169 

-ns 

- 469.4 

- 73.8 

-101 

- 149.8 

- 51.7 

-61 

- 77.8 

- 29.4 

-21 

- 5.8 

-168 

-370 

-464 

- 73.3 

-100 

- 148.0 

- 61.1 

-00 

- 76.0 

- 28.9 

-20 

- 4.0 

-162 

-360 

-436 

- 72.8 

>99 

- 146.2 

- 50.6 

-50 

- 74.2 

- 28.3 

-W 

- 2.2 

-167 

-350 

-418 

- 72.2 

-98 

- 144.4 

- 50.0 

-68 

- 72.4 

- 27.8 

-18 

- 0.4 

-161 

-340 

-400 

- 71.7 

-97 

- 142.6 

- 49.4 

-57 

- 70.6 

- 27.2 

-17 

+ 1.4 

-146 

-330 

-382 

- 71.1 

96 

- 140.8 

- 48.8 

-56 

- 68.8 

- 26.7 

-16 

3.2 

-140 

-320 

-364 

- 70.6 

-95 

-139 0 

- 48.3 

-56 

- 67.0 

- 26.1 

-15 

5.0 

-134 

-310 

-346 

- 70.0 

-94 

- 137.2 

- 47.7 

-64 

- 65.2 

- 25.6 

-14 

6.8 

-129 

-200 

-328 

- 69.4 

-93 

- 136.4 

- 47.2 

-53 

- 63.4 

- 25.0 

-13 

8.6 

-123 

-190 

-310 

- 68.9 

-93 

- 133.6 

- 46.6 

-52 

- 61.6 

- 24.4 

-12 

10 4 

-118 

-180 

-292 

- 68.3 

-91 

- 131.8 

- 46.1 

-51 

- 59.8 

-23 9 

-11 

12.2 

-112 

-170 

-274 

- 67.8 

-98 

- 130.0 

- 46.6 

-50 

- 68.0 

- 23.3 

-10 

14.0 

-107 

-160 

-256 

- 67.2 

>89 

- 128.0 

- 45.0 

-49 

- 66.2 

- 22.8 

-9 

15.8 

-101 

-150 

-238 

- 66.7 

-88 

- 126.4 

- 44.4 

-43 

- 54.4 

- 22.2 

-8 

17.6 

- 95.6 

-140 

-220 

- 66.1 

-87 

- 124.6 

- 43.8 

-47 

- 62.6 

- 21.7 

-7 

19 4 

- 90.0 

-130 

-202 

- 65.6 

-86 

- 122.8 

- 43.3 

-46 

- 60.8 

- 21.1 

-6 

21 2 

-84.4 

-120 

-184 

- 66.0 

-85 

- 121.0 

- 42.8 

-45 

- 49.0 

- 20.6 

-5 

23.0 




- 64.4 

-84 

- 119.2 

- 42.2 

-44 

- 47.2 

- 20.0 

-4 

24.8 




- 63.8 

-83 

- 117.4 

- 41.7 

-43 

- 45.4 

- 19.4 

-3 

26.6 




- 63.3 

-83 

- 116.6 

- 41.1 

-42 

- 43.6 

- 18.9 

-2 

28.4 




- 62.7 

-81 

- 113.8 

- 40.6 

-41 

- 41.8 

- 18.3 

-1 

30.2 




- 62.2 

-80 

- 112.0 

- 40.0 

-40 

- 40.0 

- 17.8 

0 

32,0 





Interpolation Factors 






0.66 

1 

1.8 

2.22 

4 

7.2 

3.89 

7 

12.6 

5.56 

10 

18.0 

1.11 

2 

3.6 

2.78 

5 

9.0 

4.44 

8 

14.4 




1.67 

3 

6.4 

3.33 

6 

10.8 

5.00 

0 

16.2 





* Reproduced by permifision of Fisher Sctsulifio Compuiy. 
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Table A-2. TEMPBRATtnun Converbion, ®C to to ®C (Contimied) 


OtoSO 


•c 


-F 

“C 

-« 17.8 

6 

82.0 

10.0 

- 17.2 

1 

83.8 

10.6 

- 16.7 

1 

35.6 

11.1 

- 16.1 

8 

37.4 

11,7 

- 15.6 

6 

39.2 

12.2 

- 16.0 

5 

41.0 

12.8 

- 14.4 

6 

42.8 

18.3 

- 18.6 

T 

44.6 

18.9 

- 18.8 

I 

46.4 

14.4 

- 12.8 

• 

48.2 

15.0 

- 12.2 

16 

50.0 

15.6 

- 11.7 

11 

51.8 

16.1 

- 11.1 

18 

53.6 

16.7 

- 10.6 

11 

55.4 

17.2 

- 10.0 

14 

57.2 

17.8 

- fi .4 

U 

59.0 

18.3 

- 8.9 

11 

60.8 

18.9 

- 8.3 

17 

62.6 

19.4 

- 7.8 

It 

64.4 

20.0 

- 7.2 

It 

66.2 

20.6 

- 8.7 

88 

68.0 

21.1 

- 6.1 

81 

69.8 

21.7 

- 5.6 

88 

71.6 

22.2 

- 5.0 

88 

73.4 

22.8 

- 4.4 

84 

75.2 

23.3 

- 3.9 

86 

77.0 

23.9 

- 3.3 

86 

78.8 

24.4 

- 2.8 

87 

80.6 

25.0 

- 2.2 

88 

82.4 

25.6 

- 1.7 

89 

84.2 

26.1 

- 1.1 

86 

86.0 

26.7 

- 0.6 

81 

87.8 

27.2 

0.0 

88 

89.6 

27.8 

+ 0.8 

88 

91.4 

28.3 

1.1 

84 

93.2 

28.9 

1.7 

85 

95.0 

29.4 

2.2 

86 

96.8 

30.0 

2.8 

87 

98.6 

30.6 

3.3 

88 

100.4 

31.1 

3.9 

89 

102.2 

31.7 

4.4 

49 

104.0 

32.2 

5.0 

41 

105.8 

32.8 

5.6 

48 

107.6 

33.3 

6.1 

48 

109.4 

33.9 

8.7 

44 

111.2 

34.4 

7.2 

46 

113.0 

86.0 

7.8 

46 

114.8 

35.6 

8.3 

47 

116.6 

36.1 

8.9 

48 

118.4 

36.7 

9.4 

49 

120.2 

37.2 

10.0 

50 

122.0 

37.8 


0.50 

1 

1.8 

2.22 

1.11 

8 

3.6 

2.78 

1,67 

8 

5.4 

3.33 


50 to 100 



«F 

•c 


59 

122.0 

87.8 

199 

51 

123.8 

88.3 

191 

58 

125.6 

38.0 

191 

58 

127.4 

30.4 

191 

54 

129.2 

40.0 

IM 

55 

131.0 

40.6 

196 

59 

132.8 

41.1 

119 

57 

134.6 

41.7 

197 

58 

186.4 

42.2 

199 

59 

138.2 

42.8 

199 

99 

140.0 

43.3 

119 

91 

141.8 

48.0 

111 

98 

143.6 

44.4 

111 

98 

145.4 

45.0 

118 

94 

147.2 

45.6 

114 

95 

140.0 

46.1 

115 

99 

150.8 

46.7 

119 

97 

152.6 

47.2 

U7 

98 

154.4 

47.8 

lU 

99 

156.2 

48.3 

119 

79 

158.0 

48.0 

189 

71 

150.8 

40.4 

121 

78 

161.6 

50.0 

111 

78 

163.4 

50.6 

111 

74 

166.2 

51.1 

114 

75 

167,0 

61.7 

115 

79 

168.8 

52.2 

119 

77 

170.6 

52.8 

U7 

78 

172.4 

53.3 

118 

79 

174.2 

53.9 

119 

89 

176.0 

54.4 

119 

81 

177.8 

55.0 

m 

88 

170.6 

55.6 

111 

88 

181.4 

56.1 

188 

84 

183.2 

56.7 

184 

85 

185.0 

57.2 

185 

89 

186.8 

67.8 

189 

87 

188.6 

58.3 

187 

88 

100.4 

58.9 

188 

89 

102.2 

50.4 

189 

99 

194.0 

60.0 

149 

91 

196.8 

60.6 

141 

98 

197.6 

61.1 

142 

98 

199.4 

61.7 

148 

94 

201.2 

62.2 

144 

95 

203.0 

62.8 

146 

99 

204.8 

63.3 

149 

97 

206.6 

63.0 

147 

98 

208.4 

64,4 

148 

99 

210.2 

65.0 

149 

199 

212.0 

65.6 

159 


Interpolation Factors 


4 

7.2 

3.80 

7 

5 

0.0 

4.44 

8 

9 

10.8 

5.00 

9 


150 to 300 



•c 


•F 

212.0 

66.6 

159 

802.0 

213.8 

66.1 

151 

803.8 

215.6 

66.7 

151 

805.6 

217.4 

67.2 

158 

807.4 

210.2 

67.8 

IM 

800.2 

221.0 

68.3 

155 

811.0 

222.8 

68.0 

159 

812.8 

224.6 

60.4 

157 

814.6 

220.4 

70.0 

199 

816.4 

228.2 

70.6 

159 

818.2 

230.0 

71.1 

199 

820.0 

281.8 

71.7 

191 

821.8 

233.6 

72.2 

191 

823.6 

235.4 

72.8 

198 

325.4 

237.2 

73.3 

194 

827.2 

230.0 

73.9 

195 

830.0 

240.8 

74.4 

199 

880.8 

242.6 

75.0 

197 

832.6 

244.4 

76.6 

198 

834.4 

246.2 

76.1 

199 

836.2 

248.0 

76.7 

179 

838.0 

240.8 

77.2 

171 

380.8 

251.6 

77.8 

171 

841.6 

253.4 

78.3 

171 

343.4 

256.2 

78.0 

174 

345.2 

257.0 

70.4 

175 

347.0 

258.8 

80.0 

179 

348.8 

260.6 

80.6 

m 

350.6 

262.4 

81.1 

171 

852.4 

264.2 

81.7 

179 

354.2 

266.0 

82.2 

189 

356.0 

267.8 

82.8 

181 

357.8 

260.6 

83.3 

181 

350.6 

271.4 

83.0 

181 

361.4 

273.2 

84.4 

184 

363.2 

275.0 

85.0 

185 

365.0 

276.8 

85.6 

189 

366.8 

278.6 

86.1 

187 

368.6 

280.4 

86.7 

188 

370.4 

282.2 

87.2 

189 

872.2 

284.0 

87.8 

199 

374.0 

285.8 

88.3 

191 

375.8 

287.6 

88.0 

191 

377,6 

286.4 

86.4 

198 

376.4 

291.2 

00.0 

194 

381.2 

203.0 

00.6 

195 

383,0 

264.8 

01.1 

199 

384.8 

266.6 

01.7 

197 

386.6 

268.4 

02.2 

198 

388.4 

300.2 

02.8 

199 

800.2 

302.0 

03.3 

199 

362.0 

12.6 

5.59 

19 

18.0 


14.4 

10.2 
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Tabub A-2. Tbmferatur® Convbbsion, ®C to ®F to ®C (Continued) 


200 to 250 

250 to 800 

800 to 850 

150 to 400 

•c 


•F 

•c 


•F 

•c 


•p 

•c 


•F 

98.8 

188 

892.0 

121.1 

m 

482.0 

148.9 

866 

572.0 

176.7 

Mi 

162.0 

83.9 

181 

898.8 

121.7 

m 

483.8 

140.4 

Ml 

578.8 

177.2 

Ml 

663.8 

94.4 

188 

895.6 

122.2 

m 

485.6 

150.0 

m 

575.6 

177.8 

MS 

665.6 

95.0 

188 

897.4 

122.8 

m 

487.4 

150.6 

Ml 

577.4 

178.3 

Ml 

067.4 

95.6 

184 

399.2 

123.8 

854 

489.2 

151.1 

Ml 

579.2 

178.0 

Ml 

669.2 

96.1 

186 

401.0 

128.9 

m 

491.0 

151.7 

8 M 

581.0 

179.4 

Mi 

671.0 

96.7 

888 

402.8 

124.4 

m 

492.8 " 

152.2 

M 6 

582.8 

180.0 

Mi 

672.8 

97.2 

887 

404.6 

125.0 

m 

494.6 

152.8 

M 7 

584.6 

180.6 

m 

674.6 

97.8 

888 

406.4 

125.6 

m 

496.4 

153.3 

Ml 

586.4 

181.1 

IM 

676.4 

98.3 

888 

406.2 

126.1 

m 

498.2 

153.9 

Ml 

588,2 

181.7 

Ml 

678.3 

98.9 

818 

410.0 

126.7 

m 

500.0 

154.4 

811 

590.0 

182.2 

Ml 

680.0 

99.4 

811 

411.8 

127.2 

m 

501.8 

155.0 

111 

501,8 

182.8 

Ml 

681.8 

100.0 

818 

413.6 

127.8 

m 

503.6 

155.6 

111 

593.6 

188.3 

MS 

683.6 

100.6 

818 

415.4 

128.3 

m 

505.4 

156.1 

111 

595.4 

183.9 

Ml 

685.4 

101.1 

814 

417.2 

128.9 

m 

507.2 

156.7 

111 

597.2 

184.4 

Ml 

087.2 

U ) 1.7 

811 

419.0 

129.4 

m 

509.0 

157.2 

111 

590.0 

185.0 

Mi 

689.1 

102.2 

818 

420.8 

180.0 

m 

510.8 

157.8 

111 

600.8 

185.6 

Mi 

690.8 

102.8 

817 

422.6 

130.6 

m 

512.6 

158.3 

117 

602.6 

186.1 

m 

692.6 

103.8 

818 

424.4 

131.1 

m 

514.4 

158.9 

111 

604.4 

186.7 

m 

694.4 

108.9 

818 

426.2 

181.7 

m 

516.2 

159.4 

111 

606.2 

187.2 

m 

696.2 

104.4 

881 

428.0 

132.2 

871 

518.0 

160.0 

Ml 

608.0 

188.2 

m 

698.0 

105.0 

881 

429.8 

182.8 

m 

519.8 

160.6 

Ml 

600.8 

188.3 

m 

699.1 

105.6 

881 

431.6 

188.3 

878 

521.6 

161.1 

Ml 

611.6 

188,9 

m 

701.6 

106.1 

888 

488.4 

133.9 

178 

523.4 

161.7 

Ml 

613.4 

189.4 

m 

708.4 

106.7 

884 

435.2 

134.4 

174 

525.2 

162.2 

m 

615.2 

190.0 

174 

705.2 

107.2 

881 

437.0 

135.0 

875 

527.0 

162.8 

m 

617.0 

190.6 

m 

707.0 

107.8 

888 

438.8 

135.6 


528.8 

163.8 

m 

618.8 

191.1 

m 

708.8 

108.8 

m 

440.6 

186.1 

877 

530.6 

163.9 

M 7 

620.6 

191.7 

m 

710.6 

108.9 

m 

442.4 

186.7 

871 

532.4 

164.4 

Ml 

622.4 

192.2 

m 

713.4 

109.4 

888 

444.3 

187.2 

878 

534.2 

165.0 

Ml 

624.2 

192.8 

179 

714.2 

110.0 

881 

446.0 

137.8 

8M 

536.0 

165.6 

Ml 

626.0 

193.3 

Mi 

716.0 

110.6 

881 

447.8 

138.3 

8U 

537.8 

166.1 

Ml 

627.8 

193.9 

Ml 

717.8 

111.1 

888 

449.6 

188.9 

8n 

539.6 

166.7 

IM 

629.6 

194.4 

MS 

719.6 

111.7 

888 

451.4 

139.4 

881 

541.4 

167.2 

Ml 

631.4 

195.0 

MS 

721.4 

112.2 

884 

453.2 

140.0 

8M 

543.2 

167.8 

Ml 

633.2 

195.6 

M4 

723.3 

112.8 

885 

455.0 

140.6 

885 

545.0 

168.3 

M5 

635.0 

196.1 

Mi 

725.0 

113.3 

888 

456.8 

14 t.l 

888 

546.8 

168.9 

Mi 

636.8 

196.7 

Mi 

726.8 

113.9 

m 

458.6 

141.7 

187 

548.6 

169.4 

M7 

638.6 

197.2 

117 

728.6 

114.4 

888 

460.4 

142.3 

888 

550.4 

170.0 

Ml 

640.4 

197.8 

Ml 

730.4 

115.0 

888 

462.2 

142.8 

188 

562.2 

170.6 

Ml 

642.2 

198.3 

Ml 

732.2 

115.6 

848 

464.0 

143.3 

881 

554.0 

171.1 

Ml 

644.0 

198.9 

Mi 

734.0 

116.1 

811 

465.8 

143.9 

8M 

555.8 

171.7 ^ 

Ml 

645.8 

199.4 

Ml 

735.8 

116.7 

848 

467.6 

144.4 

m 

567 . e 

172.2 

Ml 

647.6 

200.0 

MS 

737.6 

117.2 


469.4 

145.0 

888 

559.4 

172.8 

Ml 

649.4 

200.6 

Ml 

732.4 

117.8 

844 

471.2 

145.6 

8»i 

561.2 

173 .S 

Ml 

651.2 

201.1 

Ml 

741.2 

118.3 

845 

478.0 

146.1 

885 

563.0 

173.9 

M6 

653.0 

201.7 

Mi 

743.0 

118.9 

848 

474.8 

146.7 

888 

664.8 

174.4 

Ml 

654.8 

202.2 

Ml 

744.8 

119.4 

847 

476.6 

147.2 

187 

666.6 

176.0 

M7 

656.6 

202.8 

m 

746.6 

120,0 

8tt 

478.4 

147.8 

888 

568.4 

175.6 

MS 

658.4 

203.3 

m 

748.4 

120.6 

848 

480.2 

148.3 

818 

570.2 

176.1 

Ml 

660.2 

203.9 

m 

750.2 

131.1 

858 

482.0 

148.9 

188 

572.0 

176 . / 

IM 

662.0 

204.4 

IN 

752.0 


^ Interpolation Factora 

0.56 1 1.8 2.22 4 7.2 3.89 7 12.6 

1.11 2 3.6 2.78 5 9.0 4.44 8 14.4 

1.67 8 5.4 8.33 I 10.8 5.00 8 16.2 


5.56 18 18.0 
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Table A-2. Temperatuke Conversion, °C to ®F to ®C (Cantimied) 


400 to 450 450 to 500 500 to 550 550 to 1000 


T 


•F 

“C 


“F 

“C 


“F 

“C 


•F 

204.4 

411 

752.0 

232.2 

460 

842.0 

260.0 

500 

932.0 

288 

556 

1022 

205.0 

4il 

763.8 

232.8 

461 

843.8 

260.6 

501 

933.8 

293 

560 

1040 

205.5 

Its 

756.6 

233.3 

462 

845.6 

261.1 

508 

935.6 

299 

570 

1058 

205-1 

4IS 

767.4 

233.9 

468 

847.4 

261.7 

508 

937.4 

304 

586 

1076 

206.7 

404 

769.2 

234.4 

464 

849.2 

262.3 

504 

939.2 

310 

598 

1094 

207.2 

415 

761.0 

235.0 

465 

861.0 

262.8 

605 

941.0 

316 

888 

1112 

207.8 

405 

782.8 

235.6 

465 

852.8 

263.4 

500 

942.8 

321 

818 

1130 

208.3 

417 

764.6 

236,1 

467 

854.6 

263.9 

507 

944.6 

327 

W 

1148 

208.9 

410 

766.4 

236.7 

458 

856.4 

264.5 

508 

946.4 

332 

838 

1166 

209.4 

4M 

768.2 

237,2 

459 

868.2 

265.0 

500 

948.2 

338 

846 

1184 

210.0 

415 

770.0 

237.8 

450 

860.0 

266.6 

510 

950.0 

343 

856 

1202 

210.6 

411 

771.8 

238.3 

411 

861.8 

266.1 

511 

951.8 

349 

868 

1220 

211.1 

412 

773.6 

238.9 

452 

863.6 

266.7 

512 

953.6 

354 

879 

123 $ 

211.7 

418 

776.4 

239.4 

468 

866.4 

267.3 

518 

955.4 

360 

886 

1266 

212,2 

414 

777.2 

240.0 

404 

867.2 

267.8 

514 

967.2 

866 

686 

1274 

212.8 

415 

779.0 

240.6 

466 

869.0 

268.4 

515 

959.0 

371 

780 

1292 

213.3 

415 

780.8 

241.1 

455 

870.8 

268.9 

510 

960.8 

377 

718 

1810 

213.9 

417 

782.8 

241.7 

407 

872.6 

269.5 

517 

962.6 

382 

728 

1328 

214.4 

418 

784.4 

242,2 

408 

874.4 

270.0 

618 

964.4 

388 

728 

1346 

215.0 

410 

786.2 

242.8 

400 

876.2 

270.6 

510 

966.2 

393 

748 

1364 

216.6 

420 

788.0 

243.3 

470 

878.0 

271.1 

520 

968.0 

399 

750 

1382 

216.1 

421 

789.8 

243.9 

471 

879.8 

271.7 

521 

969.8 

404 

788 

1400 

216.7 

422 

791.6 

244.4 

478 

881.6 

272.3 

522 

971.6 

410 

no 

1418 

217.2 

423 

793.4 

245.0 

478 

883.4 

272.8 

528 

973.4 

416 

780 

1436 

217.8 

424 

795.2 

245.6 

474 

885.2 

273.4 

524 

975.2 

421 

708 

1454 

218.8 

425 

797,0 

246.1 

475 

887.0 

273.9 

525 

977.0 

427 

888 

1472 

218.9 

415 

798.8 

246.7 

470 

888.8 

274.5 

520 

978.8 

432 

818 

1490 

219.4 

427 

800.6 

247.2 

477 

890.6 

275.0 

527 

980.6 

438 

820 

1508 

220.0 

428 

802.4 

247.8 

478 

892,4 

275.6 

528 

982.4 

443 

888 

1520 

220.6 

480 

804.2 

248.3 

470 

894.2 

276.1 

629 

984.2 

449 

848 

1544 

221.1 

480 

806.0 

248.9 

480 

896.0 

276-7 

580 

986.0 

454 

858 

1562 

221.7 

481 

807.8 

249.4 

481 

897.8 

277.3 

581 

987.8 

460 

888 

1580 

222.2 

488 

809.6 

250.0 

482 

899.6 

277.8 

582 

989.6 

466 

no 

1698 

222.8 

428 

811.4 

250.6 

483 

901.4 

278.4 

588 

991.4 

471 

888 

1616 

223.3 

434 

813.2 

251.1 

484 

903.2 

278.9 

584 

993.2 

477 

8N 

1634 

223.9 

485 

816.0 

251.7 

485 

905.0 

279.5 

685 

995.0 

482 

888 

1652 

224.4 

480 

816.8 

252.2 

480 

906.8 

280.0 

580 

906.8 

488 

818 

1670 

225.0 

437 

818.6 

252.8 

487 

908.6 

280.6 

687 

998.6 

493 

088 

168 $ 

225,6 

480 

820.4 

253.3 

488 

910.4 

281.1 

538 

1000.4 

499 

088 

1708 

226.1 

430 

822.2 

253.9 

489 

912.2 

281.7 

589 

1002.2 

604 

048 

1724 

226.7 

440 

824.0 

254.4 

400 

914.0 

282.3 

540 

1004.0 

510 

858 

1742 

227.2 

441 

825.8 

255.0 

401 

915.8 

282.8 

541 

1005.8 

616 

808 

1760 

227.8 

442 

827.6 

255.6 

408 

917.6 

283.4 

542 

1007.8 

521 

978 

1778 

228.3 

448 

829.4 

256.1 

408 

919.4 

283.9 

548 

1009.4 

627 

888 

1706 

228.9 

444 

831.2 

266.7 

404 

921.2 

284.5 

544 

1011.2 

532 

988 

1814 

229-4 

445 

a 33.0 

257,2 

405 

923.0 

285.0 

546 

1013.0 

538 

1888 

1832 

230.0 

440 

834.8 

267.8 

496 

924.8 

285.6 

540 

1014.8 




230.6 

447 

836.6 

258.3 

497 

926.6 

286.1 

547 

1016.6 




281.1 

448 

838.4 

268.9 

408 

928.4 

286.7 

548 

1018.4 




231.7 

449 

840.2 

259.4 

400 

930.2 

287.3 

540 

1020.2 




233.2 

450 

842.0 

260.0 

600 

932,0 

287.8 

510 

1022.0 








Interpolation Factors 






0.55 

1 

1.8 

2.22 

4 

7.2 

3.89 

7 

13.6 

156 

18 

18.0 

i.n 

1 

3.5 

2.78 

5 

9.0 

4.44 

1 

14.4 




1.57 

1 

5.4 

3.33 

0 

10.8 

5.00 

9 

10.3 
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Table A-2. 

Temperature Converhion, 

"C TO 

TO 

{Coniinued) 

1000 to 1500 


1600 to 2000 

20f)0 to 2500 

2500 to 3000 

“C 


op 

“C 


“F 

“C 


op 

"C 


*F 

638 

lOM 

1832 

816 

1500 

2732 

1093 

2900 

3632 

1371 

2500 

4532 

543 

leie 

1850 

821 

1510 

2750 

1099 

2010 

3650 

1377 

2510 

4550 

649 

1020 

1868 

827 

1520 

2768 

1104 

2020 

3668 

1382 

2520 

'668 

554 

1030 

1886 

832 

1530 

2786 

illO 

2030 

3686 

1388 

2530 

4586 

660 

IMO 

1904 

838 

1540 

2804 

1116 

2040 

3704 

1393 

25 M 

4604 

666 

1050 

1922 

843 

1550 

2822 

1121 

2050 

3722 

1399 

2550 

4622 

671 

1060 

1940 

849 

1560 

2840 

1127 

2000 

3740 

1404 

2500 

4640 

677 

1070 

1958 

854 

1570 

2^58 

1132 

2070 

3758 

1410 

2570 

4658 

582 

1000 

1970 

860 

1500 

2876 

1138 

2080 

3770 

1416 

2580 

4678 

588 

1090 

1994 

866 

1500 

2894 

1143 

2000 

3794 

1421 

2500 

4694 

593 

1100 

2012 

871 

1000 

2912 

1149 

2100 

3812 

1427 

2000 

4712 

699 

1110 

2030 

877 

1610 

2930 

1164 

2110 

3830 

1432 

2610 

4730 

604 

1120 

2048 

882 

1020 

2948 

1160 

2120 

3848 

1438 

2620 

4748 

610 

1130 

2066 

888 

1630 

2966 

1166 

2130 

3800 

1443 

2030 

4766 

: 616 

1140 

2084 

893 

1040 

2984 

1171 

2140 

3S84 

1449 

2040 

4784 

621 

1150 

2102 

899 

1050 

3002 

1177 

2150 

3902 

14,54 

2050 

4802 

627 

1160 

2120 

904 

1000 

3020 

1^82 

2160 

3920 

1460 

2660 

4820 

632 

1170 

2138 

910 

1070 

3038 

1188 

2170 

3938 

1466 

2070 

4838 

638 

1130 

2156 

016 

1020 

.3056 

1193 

2180 

3956 

1471 

2680 

4856 

643 

1190 

2174 

921 

1090 

3074 

1199 

2100 

,3974 

1477 

2090 

4874 

649 

1200 

2192 

927 

1700 

3092 

1204 

2200 

3992 

1482 

2700 

4892 

654 

1210 

2210 

932 

1710 

3110 

1210 

2210 

4010 

1488 

2710 

4910 

660 

1220 

2228 

93rt 

1720 

3128 

1216 

2220 

4028 

1493 

2720 

4928 

666 

1230 

2246 

943 

1730 

3146 

1221 

2230 

4040 

1499 

2730 

4y4rj 

671 

1240 

2264 

949 

1740 

3164 

1227 

2240 

4064 

1.504 

2740 

4964 

677 

1250 

2282 

964 

1750 

3182 

1232 

2250 

4082 

1510 

2750 

4982 

682 

1260 

2,300 

960 

im 

3200 

1238 

2260 

4100 

1516 

2700 

5000 

688 

1270 

2318 

966 

1770 

32J8 

1243 

2270 

4118 

1521 

2770 

5018 

693 

1280 

2336 

971 

1720 

.3230 

1249 

2280 

4136 

1527 

2780 

5036 

699 

1290 

2354 

977 

1790 

3254 

1254 

2200 

4154 

1532 

2790 

5054 

704 

1300 

2372 

982 

1800 

3272 

1260 

2300 

4172 

1538 

2890 

5072 

710 

1310 

2390 

988 

1810 

3390 

1206 

2310 

4190 

1543 

2810 

5090 

716 

1320 

2408 

993 

1820 

3308 

1271 

2320 

4208 

1.549 

2820 

5108 

721 

1330 

2426 

999 

1830 

3326 

1277 

2330 

4226 

'54 

2830 

5126 

727 

1340 

2444 

1004 

1840 

3344 

1282 

2340 

4244 

1560 

2840 

5144 

732 

1350 

2462 

1010 

1850 

3362 

1288 

2350 

4262 

1566 

2850 

5162 

738 

1360 

2480 

1016 

1800 

3380 

1293 

2800 

4280 

1571 

2800 

5180 

743 

1870 

2498 

1021 

1870 

3398 

1299 

2870 

4298 

1677 

2870 

5198 

749 

1380 

251b 

1027 

1880 

3416 

1304 

2880 

4310 

l.'iR'i 

2880 

5216 

754 

1390 

2534 

1032 

1890 

3434 

1310 

2300 

4334 

1,588 

2890 

5234 

760 

1400 

2.552 

1038 

1900 

3452 

1316 

2400 

4352 

1593 

2900 

5252 

766 

1410 

2570 

1043 

1910 

3470 

1321 

2410 

4370 

1699 

2910 

5270 

771 

1420 

2588 

1049 

1020 

3488 

1327 

2420 

4388 

1604 

2020 

5288 

777 

1480 

2606 

1054 

1989 

3606 

1332 

2430 

4400 

1610 

2930 

5306 

782 

1440 

2624 

1060 

1940 

3624 

1338 

2440 

4424 

1618 

2946 

6324 

788 

1450 

2642 

1066 

1950 

3542 

1343 

2450 

4442 

1621 

2950 

5342 

793 

1460 

2660 

1071 

1900 

3560 

1349 

2460 

4460 

1027 

2960 

5360 

799 

1470 

2878 

1077 

1070 

3578 

1354 

2470 

4478 

1032 

2970 

5378 

804 

1480 

2696 

1082 

1980 

3696 

1360 

2480 

4490 

1638 

2980 

5396 

810 

1400 

2714 

1088 

1990 

3614 

1366 

2400 

4,^14 

1043 

2990 

6414 

816 

1500 

2732 

1093 

2090 

3632 

1371 

2500 

4532 

1649 

3000 

5432 






Interpolation Factors 






0.66 

1 

1.8 

2.22 

4 

7.2 

3.89 

7 

12.6 

5.66 

10 

18.0 

1.11 

2 

3.6 

2.78 

5 

9.0 

4.44 

8 

14.4 




1.67 

3 

6.4 

3.>^3 

0 

10.8 

5.00 

9 

16.2 






362 


Appendix 


Table A-3. Characteristics of Expansion-Thermometer Liqiiids * 

Ooeff. of Volumetric Exp*niion 
V-Vod + Rr) 





F- 

Fod+a 


SpeoiOc 

Weight 

Viseo»> 






•c 


Heat 

Density 

ity at 


Freenng Boiling 





at 

at 

50-80"F. 


Point, 

Point, 

RX 10* 




60-80*F, 

5O-80*F, 

oenti- 

liquid 

*F 

"P 

at20“C 

aXlO* 

RX 10* 

7X10* 

Btu/lb “F 

Ib/ft* 

poises 

Acetone 

-130 

133 

1.487 

1.324 

3.81 

-0.880 

0.528 

40.4 

0.32 

Ethyl 










alcohol 

-175 

172 

1.12 

1.012 

2.20 


0.581 

40.4 

1.2 

Ethyl 










ether 

-177 

05 

1.656 

1.513 

2.36 

4.00 

0.547 

45.0 

0.22 

Mercury 

-38 

675 

0.1819 

0.1818 

0.0078 


0.038 

840.0 

1.5 

Pentane 

-203 

07 

1.608 

1.465 

3.003 

1.61 

0.527 

39.4 

0.24 

Toluene 

-134 

230 

1.224 




0.421 

55.0 

0.67 

Water 

32 

212 

0.207 

-0.0643 

8.505 

-6.70 

1.00 

62.4 

1.0 


* Data from Handbook of Chemidry and Phyaieo (1047). 


Table A-4. Characteristics of Expansion-Thermometer Gases * 






Critical 


Specific 




Critical 

Pressure, 

SpeciBc 

Heat 



Boiling 

Tempera¬ 

Atmos¬ 

Heat Cv 

Ratio, Viscosity 


Molecular 

Point, 

ture. 

phere 

nt^200^F,V 

1 

T 

o 

Oaa 

Weight 

“F 

•F 

Absolute 

Btu/lb “F at 

200*F Poises 

Carbon dioxide 

44.00 

-109 

88 

73.0 

0.156 

1.27 146 X 10”* 

Helium 

4.002 

-452 

-449 

2.3 

0.78 

1.62 197 

Hydrogen 

2.016 

-423 

-400 

12.8 

2.46 

1.43 89 

Nitrogen 

28.02 

-321 

-233 

32.5 

0.175 

1.40 171 


* Data from Handbook of Chotmdry and Phyoico, 1047, and Eshbaoh, Handbook of Engineering Funda- 
mentaU, 1036. 


Table A-5. Characteristics of Vapor-Thermometer Fluids • 


Maxt- 


Criti- mum Average 

oal Opcr - Temperature, "F, to Produce CoefBcieot 

Tern- atiog a Vapor Preasure of Cubical 



Melting 

Boiliug 

pera- 

Temper¬ 


Vapor Press., psig 


Expansion 


Point, 

Point, 

ture. 

ature, 

t - 


—■— 


- , 

atB.P., 

Fluid 

op 

•p 

•F 

•F 

50 

100 

150 

200 

250 

per-F 

Aniline 

-21 

363 

790 

550 

482 

544 




0.59 X 10”* 

Butane (n) 

-211 

31 

807 

400 

114 

156 

186 

211 


1.07 

Ethyl alcohol 

-177 

173 

469 

250 

250 





0.76 

Ethyl chloridle 

-218 

54 

369 

350 

140 

181 

211 

235 

256 

0.95 

Ethyl ether 

-182 

94 

381 

250 

184 

228 

259 



1.02 

Hexane (n) 

-138 

156 

456 

500 

250 

299 

336 

367 

392 

0.78 

Methyl chloride 

-144 

-12 

289 

400 

63 

99 

126 

147 

164 

1.05 

Propane 

-310 

-44 

204 

400 

29 

65 

91 

112 

129 

1.24 

Sulfur dioxide 

-99 

14 

316 

800 

85 

119 

143 

162 

178 

0.99 

Tolueoe 

-139 

231 

610 

500 

342 

398 

439 

471 

498 

0.73 

Water 

32 

212 

705 


297 

338 

366 

388 

407 

0.40 


• Data from Handdnok of Chenietry and Phyeiee, 1047. 
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Table Thermal Characteristics of Thermometer and Thermo¬ 

couple Materiai^ • 



Thermal 



Thermal 


Thermal 


Conduo- 

Spedfio 


Capac- 

Thermal 

Coefficient 


tivity, 

Heat, 

Weight 

ity. 

DifFuaiv- 

Linear 


Btu/®F 

Btu/lb 

Density, 

Btu/ft» 

ity. 

Expansion, 

Material 

hr ft 

•F 

lb/ft» 

®F 

ft*/hr 

l/op 

Ambrao 

22 

0.13 

550 

72 

0.81 

9.1 X 10“« 

Aluminum 

125 

0.28 

170 

39 

2.9 

15.4 

Braaa 70-30 

70 

0.094 

530 

50 

1.4 

11.0 

Chromel 

13 

0.12 

470 

56 

0.23 

8.3 

ConatantiMi 

14 

0,13 

550 

72 

0.20 

8.3 

Copper 

225 

0.093 

666 

52 

4.3 

10.0 

Inoonel 

8.5 

0.11 

530 

58 

0.15 


Iron, oaot 

27 

0.12 

440 

53 

0.51 

4.7 

Iron, wrought 

34 

0.18 

490 

64 

0.63 

6.3 

I^ad 

20 

0.03 

670 

20 

1.0 

16.1 

Manganin 

15 

0.12 

530 

64 

0.23 


Monel 

14 

0.13 

560 

73 

0.19 

8.9 

Nichrome 

8.5 

0.12 

510 

61 

0.14 

9.1 

Nickel 

30 

0.11 

550 

61 

0.49 

7.8 

Platinum 

33 

0.03 

1850 

41 

0.81 

5.0 

Steel, oarbon 

23 

0.15 

490 

74 

0.31 

7.5 

Steel, 18-8 

16 

0.13 

600 

65 

0.25 

11.1 

Aabeatoa 

0.044 

0.20 

150 

30 

0.0015 


Olaaa 

0.44 

0.20 

170 

34 

0.013 

3.8 

Porcelain 

1.0 

0.26 

150 

39 

0.026 

2.8 

Rubber 

.00 

0.48 

100 

48 

0.019 

38 

Quarta 

4.9 

0.17 

160 

27 

0.18 

0.32 

Silicon carbide 

10 

0.18 

200 

36 

0.28 


Sillixnanite 

1.4 

0.18 

190 

34 

0.041 



* Data from Handbook of Ckomi^ry and Phyoict^ 1947; Eshbaoh, Handbook of Bnyinooriny 
FundamentaUf 1086; Smitksoman Physical rabies, 1933; Marloi, Mechanical Bnyineere Hand’ 
book, 1941. 

The data ia giirea for a oommeroial form of the materia] aad at an averace operating tem¬ 
perature. inaofar aa poaaible. 
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Table A~7. Physical Characteristics of Thermometer and Thermo¬ 
couple Materiai^ 


Mat,erial 

Composition 

Approx. 

Limit., 

®F May Be Used for 

Aluminum 

97 Al, 1 Mg 

500 

Air and water 

Am brae 

75 Cu, 20 Ni, 5 Zn 

1000 

Sulfur-free gases and liquids 

Brass 

80 Cu, 20 Zn 

800 

Air 

Bronze 

5)0 Cu, 10 Sn 

900 

Steam and wster and air 

Chromax 

55 Ni, 29Fe, 15 Cr 

2000 


Chroniel 

47 Fe, 32 Ni, 20 Cr 

2000 

Chemicals and sulfur-free gases 

Inconel 

78 Ni, 13 Cr, 8 

2000 

Sulfur-free furnace gases 

Iron, cal. 

99 Fe, 1 C 

1200 

Furnace gases 

cast 

95 Fe, 4 C 

1600 

Chemicals and reducing atm. 

14 Cr 

85 Fe, 14 Cr 

1500 

Chemicals and reducing atm. 

28 Cr 

71 Fe, 28 Cr 

1800 

Furnace gases 

wrought 

100 Fe 

1300 

Oxygen-free gases 

Ijead 

99 Pb 

150 

Water and some chemicals 

Monel 

69 Ni, 28 Cu 

900 

Steam and some acids 

Nichrome 

62Ni,24Fe, 13 Cr 

2000 

High mechanical strength 

N ickel 

100 Ni 

2000 

Sulfur-free gases 

Platinum 

100 Pt 

2800 

Molten glass 

St«el, cal. 

99 Fe, 1 C 

1200 

Oxygen-free gases 

18-8 

63 Fe, 18 Ni, 8 Cr 

1500 

Corrosive gases and oils and 

Firebrick 

53 Si02, 43 AlsOs 

2600 

foods and steam 

Secondary well in acid fluxes 

Mullite 

72 AI 2 O 3 , 28 SiOj 

2700 

Secondary well in acid fluxes 

Porcelain 

71 SiOj + oxides 

2400 

High-temp, furnaces and acid 

Quartz 

SiOj 

2000 

fluxes 

Oxidizing atm. and acid fluxes 

Rubber 


150 

Air and some oils 

Silica 

95 Si02 + oxides 

2800 

Oxidizing atm. 

Silicon carbide 

SiC 

3000 

Furnace gases 

Sillimanite 

63 AI 2 O 3 , 37 Si 02 

2800 

Furnace gases and flames 

Vycor 

A glass 

1600 

Furnace gases. Passes radiation 
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Table A-8. 

Average Thermoelectric Coefficients 

Referred to lAjad 

kTc, micro- k , rr.icro- 

Metal 

volts/°C 

volts/deg.^ C 

Bismuth 

+74.42 

-0.1)320 

Cadmium 

--12.00 

-0.3238 

Cobalt 

+17.32 

+0.0780 

Constantau 

+34.76 

+0.0794 

Cop^xjr 

-2.777 

-0.0097 

Magnesium 

+0.095 

-OTHIOl 

Tin 

-0.230 

-0.0086 

Zinc 

-3.047 

+0.0099 


* Data from P. W. Brid^eraan, The Therm^t^ij^mmics of Ekdriccd Phenomenn 
MeUds, 
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Table A-0. Thermal Emf of Various Metals versus Platinum * 

Referred to Platinum 


MiUivolts with MMSuring Junction at 


Metal 

Brass 

-100 

0 

+100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

(yellow) 


0 

+0.60 

1.49 

2.58 

3.85 

5.30 

6.96 






Copper 

-0.37 

0 

+0.76 

1.83 

3.15 

4.68 

6.41 

8.34 

10.49 

12.84 

15.41 

18.20 


Iron 

-1.94 

0 

+1.98 

3.69 

5.03 

6.08 

7-00 

8.02 

9.34 

11.09 

13.10 

14.64 


Manganin 


0 

+0.61 

1.55 

2.77 

4.25 

5.95 

7.84 






Nickel 

+1.22 

0 

-1.48 

3.10 

4.59 

5.45 

6.16 

7.04 

8.10 

9.35 

10.69 

12,13 

13.62 

Phos. bronte 


0 

+0.55 

1.34 

2.34 

3.50 

4.81 

6.30 






Silver 

-0.39 

0 

+0.74 

1.77 

3.05 

4.57 

6.36 

8.41 

10.75 

13.36 

16.20 



Steel (IM) 


0 

+0,44 

1.04 

1.76 

2,60 

3.56 

4.67 

5.93 

7.37 

8.99 



Tungsten 

-0.15 

0 

+1.12 

2.62 

4.48 

6.70 

9.30 

12.26 

15.60 

19.^0 

23.36 

27.80 

32.60 

80Ni.20Cr 

60Ni.24Fo, 


0 

+1.14 

2.62 

4.34 

6.25 

8.31 

10.53 

12.91 

15.44 

18.11 



15 Cr 


0 

+0.85 

2.01 

3.41 

5.00 

6.76 

8.68 

10.78 

13.06 

15.50 




• Data from Tmperatun, Itt M9atur€nml and Control in Scttnce and Induolry, 1941. A positive sign denotes 
that the given cmf results in a current from the metal to platinum at the reference junction. The reference 
junction is at 0*C. 
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Tabijq A-10. Thermal Emf for Iron-Constantan Thermocouple * 
Reference Junction 32 ®F 


•F 

0 

100 

200 

0 

-0.922 

1.95 

4.92 

6 

-0.778 

2.11 

5.07 

10 

-0.634 

2.25 

5.22 

15 

-0.490 

2.40 

6.87 

20 

-0.346 

2.55 

5.53 

25 

-0.202 

2.70 

5.68 

30 

-0.058 

2.85 

5.83 

35 

0.088 

3.00 

5.98 

40 

0.228 

3.14 

6.13 

45 

0.378 

3.29 

6.28 

50 

0.518 

3.44 

6.44 

55 

0.558 

3.59 

6.58 

50 

0.808 

3.74 

6.74 

55 

0.948 

3.88 

6.89 

70 

1.10 

4.03 

7.04 

75 

1.24 

4.18 

7.19 

80 

1.38 

4.33 

7.34 

85 

1.53 

4.48 

7.50 

90 

1.57 

4.62 

7.65 

95 

1.82 

4.77 

7.80 

100 

1.95 

4.92 

7.96 

Mv 

p«*F 

0.0288 

0.0296 

0.0303 

•F 

1100 

1200 

1300 

0 

32.74 

36.04 

39.46 

5 

32.90 

36.21 

39.64 

10 

33.07 

36.38 

39.81 

15 

33.23 

36.55 

39.98 

20 

33.40 

36.72 

40.16 

25 

33.56 

36.89 

40.34 

30 

33.73 

37.07 

40.61 

35 

33.89 

37.24 

40.68 

40 

34.06 

37.41 

40.86 

45 

34.22 

37.68 

41,03 

50 

84.39 

37.75 

41.71 

55 

34.55 

37.92 

41.38 

60 

34.72 

38.09 

41.66 

55 

34.88 

38.26 

41.73 

70 

35.05 

38.43 

41.91 

75 

35.21 

38.60 

42.08 

80 

35.38 

38.78 

42.26 

85 

35.54 

3c.. 95 

42.43 

90 

35.71 

39.12 

42.61 

95 

35.87 

39.29 

42.78 

150 

36.04 

39.46 

42.96 

Mv 

per “F 

0.0330 

0.0342 

0.0350 


300 

400 

500 

600 


Millivolts 


7.95 

11.02 

14.09 

17.16 

8.10 

11.18 

14.24 

17.31 

8.26 

11.32 

14.40 

17.47 

8.41 

11.48 

14.55 

17.62 

8.56 

11.53 

14.70 

17.77 

8.72 

11.79 

14.85 

17.93 

8.87 

11.94 

15.01 

18.08 

9.02 

12.09 

16.16 

18.23 

9.18 

12.25 

15.32 

18.39 

9.33 

12.40 

16.47 

IS. 54 

9.48 

12.56 

15.62 

18.69 

9.54 

12.71 

15.78 

18.85 

9.79 

12.86 

15.93 

19.00 

9.94 

13.02 

16.08 

19.15 

10.10 

13.17 

15.24 

19.31 

10.25 

13.32 

15.39 

19.46 

10.40 

13.48 

16.55 

19.62 

10.55 

13.53 

16.70 

19.77 

10.71 

13.78 

16.85 

19.92 

10.85 

13.94 

17.01 

20.08 

11.02 

14.09 

17.16 

20.23 

0.0307 

0.0307 

0.0307 

0.0307 

1400 

1500 

1600 

1700 


Millivolta 


42.96 

46.48 

50.00 

53.52 

43.14 

46.66 

50.18 

63.70 

43.31 

46.83 

50.35 

63.87 

43.49 

47.01 

50.53 

54.05 

43.68 

47.18 

50.70 

54.22 

43.84 

47.36 

50.88 

54.40 

44.02 

47.54 

51.06 

54.68 

44.19 

47.71 

51,23 

54.75 

44 37 

47.89 

61.41 

54.93 

44.54 

48.06 

51.58 

55.10 

44.72 

48.24 

51.76 

55.28 

44.90 

48.42 

51.04 

55.46 

45.07 

48.59 

52.11 

55.63 

45.25 

48.77 

62.29 

55.81 

45.42 

48.94 

52.46 

55.98 

45.60 

4#. 12 

52.64 

56.16 

45.78 

49.30 

62.82 

56.34 

45.95 

49.47 

52.99 

56.51 

46.13 

49.65 

53.17 

56.69 

46.30 

49.82 

53.34 

56.86 

46.48 

50.00 

53.52 

57.04 

0.0352 

0.0352 

0.0352 

0.0352 


700 

800 

900 

1000 

20.23 

23.31 

26.41 

29.54 

20.38 

23.48 

26.67 

29.70 

20.54 

23.62 

26.72 

29.86 

20.69 

23.77 

26.88 

30.02 

20.85 

23.93 

27.04 

30.18 

21.00 

24.08 

27.19 

30.34 

21.15 

24.24 

27.36 

30.50 

21.3! 

24.39 

27.60 

30.60 

21.46 

24.55 

27.66 

30.82 

21.62 

24.70 

27.82 

30.98 

21.n 

24.86 

27.97 

31.14 

21.92 

25.01 

28.13 

31.30 

22.08 

26.17 

28.29 

31.40 

22.23 

26.32 

28.44 

31.02 

22.39 

25.48 

28.60 

31.78 

22.54 

26.63 

28.76 

31.94 

22.69 

26.79 

28.91 

32,10 

22.85 

25.94 

29.07 

82.26 

23.00 

26.10 

29.23 

32.42 

23.16 

26.25 

29.38 

32.58 

23.31 

26.41 

29.54 

32.74 

0.0308 

0.0310 

0.0313 

0.082G 

1800 

1900 

2000 

2100 

57.04 

60.66 

64.08 

67.60 

67.22 

60.74 

64.26 

67.78 

67.39 

60.91 

64.43 

67.96 

57.67 

61.09 

64.61 

68.13 

57.74 

61.26 

64.78 

68.30 

57.92 

61.44 

64.96 

68.48 

58.10 

61.62 

65.14 

68.66 

58.27 

61.79 

65.31 

68.83 

58.45 

61.97 

65.49 

69.01 

58.62 

62.14 

85.66 

69.18 

58.80 

62.32 

65.84 

69.36 

58.98 

62.50 

66.02 

69.54 

59.15 

62.67 

66.19 

69.71 

59.33 

62.85 

66.37 

69.89 

u9.50 

63.02 

66.54 

70-06 

59.68 

63.20 

66.72 

70.24 

59.86 

63.38 

66.90 

70.42 

60.03 

63.55 

67.07 

70.59 

60.21 

63.73 

67.25 

70.77 

60.38 

63.90 

67.42 

70.94 

60.56 

64.08 

67.60 

71.12 

0.0352 

0.0352 

0.0352 

0.0352 


• Form of table supplied by 'i'he brovn Instrument Company. Data do not conform to National Bureau 
of Standards specificatioDB but are those in use at the {M-eient time by nearly all the large instrument oompanies. 
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Table A~11. Thermal Emf por Copper-Constantan Thermocouple * 
Reference Junction at 32 ®F 


op 

-200 

-100 

-0 

+0 

+ 100 

+200 

+300 

+400 

+600 

0 

-4.11 

-2.66 

-0.671 

Millivolts 

-0.671 1.62 

3.07 

6.64 

9.52 

12.67 

5 

-4.18 -2.65 

-0.773 

-0.668 

1.63 

4.09 

6.78 

9.67 

12.73 

10 

-4.25 

-2.73 

-0.874 

-0.465 

1.76 

4.22 

6.92 

9.82 

12.88 

15 

-4.31 

-2.82 

-0.976 

-0.360 

1.87 

4.35 

7.06 

9.97 

13.04 

20 

-4.38 -2.90 

-1.07 

-0.255 

1.99 

4.48 

7.21 

10.12 

13.20 

26 

-4.43 -2.98 

-1.17 

-0.149 

2.11 

4.61 

7.36 

10.27 

18.36 

30 

-4.60 -3.06 

-1.27 

-0.043 

2.23 

4.76 

7.49 

10.42 

13.52 

35 

-4.67 

-3.14 

-1.37 

0.064 

2.36 

4.88 

7.63 

10.57 

13.67 

40 

-4.63 

-3.22 

-1.47 

0.172 

2.47 

5.01 

7.77 

10.72 

13.83 

45 

-4.69 -3.80 

-1.56 

0.281 

2.59 

6.15 

7.92 

10.87 

13.99 

60 

-4.75 -8.38 

-1.66 

0.389 

2.71 

5.28 

8.06 

11.03 

14.15 

55 

-4.80 

-3.46 

-1.76 

0.499 

2.83 

5.41 

8.20 

11.18 

14.31 

60 

-4.86 

-3.63 

-1.84 

0.609 

2.96 

5.55 

8.35 

11.33 

14.47 

6$ 

-4.92 

-3.61 

-1.94 

0.720 

3.08 

6.68 

8.49 

11.49 

14.63 

70 

-4.97 -3.68 

-2.03 

0.832 

3.21 

5.82 

8.64 

11.64 

14,79 

76 

-5.03 

-3.76 

-2.12 

0.944 

3.33 

5.96 

8.79 

11.79 

14.96 

80 

-6.08 -3.83 

-2.21 

1.06 

8.46 

6.09 

8.93 

11.95 

15.12 

85 

-5.13 

-3.90 

-2.30 

1.17 

3.58 

6.23 

0.08 

12.10 

15.28 

90 

-5.18 -3.97 

-2.39 

1.29 

3.71 

6.37 

9.23 

12.26 

15.44 

95 

-5.23 

-4.04 

-2.47 

1.40 

3.84 

6.51 

9.37 

12.41 

16.61 

100 

-6.28 -4.11 

-2,56 

1.52 

3.97 

6.64 

0.52 

12.57 

15.77 

Mv 
per *F 

0.0117 0.0155 

0.0189 

0.0219 

0.0245 

0.0268 

0.0287 

0.0305 

0.0320 


* Fonn of table supplied by The Brown laBtrximent Company. Data conform to National 
Bureau of Standards spedfioations. 
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Table A~12. Thermal Emf for CHROMBL-ALUBiEL Thermocoupub ♦ 
Reference Junction at 32®F 


•F 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

0 

-0.68 

1.52 

3.82 

6.09 

8.31 

10.56 

Millivolts 

12.86 15.18 

17.62 

19.88 

22.25 

24.62 

25.98 

5 

-0.68 

1.63 

3.93 

6.20 

8.42 

10.67 

12.96 

15.29 

17.63 

20.00 

22.37 

24.74 

27.10 

10 

-0.47 

1.74 

4.05 

6.31 

8.53 

10.79 

13.08 

15.41 

17.76 

20.12 

22.49 

24.85 

27.21 

15 

-0.37 

1.85 

4.16 

6.42 

8.64 

10.90 

13,19 

15.52 

17.87 

20.24 

22.60 

24.97 

27.33 

20 


1.07 

4.28 

6.53 

8.76 

11.02 

13.31 

15.64 

17.99 

20.36 

22.72 

25.00 

27-45 

35 

-0.15 

2.08 

4.39 

6.64 

8.87 

11.13 

13.43 

15.76 

18.10 

20.47 

22.84 

25.21 

27.67 

30 

-0.04 

2.20 

4.51 

6.75 

8.98 

11.25 

13.55 

15.88 

18.22 

20.59 

22,96 

25.33 

27.68 

35 

0.07 

2.31 

4.62 

6.86 

9.09 

ll.?6 

13.67 

16.00 

18.34 

20.71 

23.08 

25.45 

27.80 

40 

0.18 

2.43 

4 74 

6.98 

9.20 

11.47 

13.78 

16.11 

18.46 

20.83 

23.20 

25.57 

27.92 

45 

0.29 

2.54 

4.85 

7.09 

9.31 

11.58 

13.89 

16.23 

18.58 

20.95 

23.32 

25.69 

28.04 

50 

0.40 

2.66 

4.97 

7.20 

9.43 

11.70 

14.01 

16.35 

18.70 

21.07 

23.43 

25.80 

28.15 

55 

0.51 

2.77 

5.06 

7.31 

9.55 

11.81 

14.12 

16.47 

18.81 

21.18 

23.55 

25.92 

28.27 

60 

0.62 

2.89 

5.19 

7.42 

9.66 

11.93 

14.24 

16.58 

18.93 

21.30 

23,67 

26.04 

28.39 

65 

0.73 

3.00 

5.30 

7,53 

9.77 

12.04 

14.36 

18.70 

19.05 

21.42 

23.79 

26.16 

28.51 

70 

0.84 

3.12 

5.42 

7.64 

9.88 

12.16 

14.48 

16.82 

19.17 

21.54 

23.91 

26.27 

28.63 

75 

0.95 

3.24 

5.53 

7.75 

9.99 

12.27 

14.60 

16.93 

19.29 

21.66 

24.02 

26.39 

28.74 

30 

1.06 

3.36 

5 64 

7.87 

10.11 

12.39 

14.71 

17.05 

19.41 

21.78 

24.14 

26.51 

28.86 

m 

1.17 

3.48 

6.75 

7.98 

10.22 

12.50 

14.83 

17.17 

19.52 

21.89 

24 26 

26.63 

28.98 

90 

1.29 

3.59 

5.87 

8.09 

10.33 

12.62 

14.94 

17.29 

19 64 

22.01 

24.38 

25.74 

29.09 

95 

1.40 

3.70 

5.98 

8.20 

10.44 

12.73 

15.06 

17.40 

19.76 

22.13 

24.50 

26.86 

29 21 

m 

1.52 

3.82 

6.09 

8.31 

10.56 

12.85 

15.18 

17.62 

19.88 

22.25 

24.62 

26.98 

29.33 

Mv 

per 

•F 

0.0220 0.0230 0.0227 0.02*2 0.0225 0.0729 0.0233 0.0234 0.0236 0.0237 0.0337 0.02^6 0.0235 


•F 


(400 

1500 

.800 

1700 

1800 

1900 

2000 

:ioo 

2200 

*300 

2400 

0 

2? ?3 

31.255 

33 94 

36 20 

38.43 

Millivolts 

40.62 42.77 

44.89 

46.97 

49.02 

51.00 

53.95 

5 

29.« 

31.77 

34-06 

36.31 

38.54 

40.78 

42.88 

45.00 

47.08 

49.11 

51.10 

53.06 

10 

29.56 

3* f»t 

34.17 

3i; 42 

38.65 

40.83 

42.98 

45.10 

47.18 

49-21 

51.20 

63.24 

15 

29.68 

32.50 

34.29 

36.54 

38.76 

40.94 

43.09 

45.20 

47.28 

49.31 

51.30 

53.24 

20 

29.79 

32.11 

34.40 

36.65 

38.87 

41.05 

43.20 

45.31 

47.88 

49.41 

51,39 

53.33 

25 

29.91 

.32, -23 

J4.S1 

36.76 

38.98 

41.16 

43.31 

45.41 

47.49 

49.51 

51.49 

53.43 

30 

30.02 

32.34 

34 62 

36.87 

39.09 

41.27 

43.41 

45.52 

47.59 

49.61 

51.59 

53.6* 

35 

30.14 

32.46 

34.74 

36.99 

39.20 

41.38 

43.52 

45.62 

47.69 

49.71 

51.69 

53.6* 

40 

30.26 

32.57 

34.85 

37.10 

39.31 

41.48 

43.62 

45.73 

47.79 

49.81 

61.78 

53.71 

45 

30.38 

32.59 

34.97 

37.21 

39.42 

41.59 

43.73 

45.88 

47.89 

49.91 

51.88 

53.81 

50 

30.49 

32.80 

35.08 

3T.82 

39.58 

41.70 

43.83 

46.93 

47.99 

50.01 

51.98 

53.90 

55 

30.51 

32.92 

36.19 

37.43 

39.64 

41.81 

43.94 

46.04 

48.10 

50.11 

52.08 

54.00 

60 

30.72 

33.03 

35.30 

37.54 

39.75 

41.91 

44.04 

46.14 

48.20 

50.21 

62.17 

54.09 

65 

30.84 

33.15 

35.42 

37.66 

36.86 

42.02 

44.15 

46.25 

48.30 

50.31 

52.27 

54.19 

70 

30.96 

33.26 

35.53 

37.76 

39.96 

42.13 

44.26 

46.35 

48.40 

50.41 

52.37 

54.28 

75 

31.08 

33.38 

35.64 

37.88 

40.07 

42.24 

44.37 

46.46 

48.51 

50.61 

52,47 

54.38 

80 

31.19 

33.49 

35.75 

37.99 

40.18 

42.34 

44.47 

46.55 

48.61 

50.61 

52.66 

64.47 

85 

31.31 

33.50 

35.87 

38.10 

40.29 

42.45 

44.58 

46.66 

48.71 

60,71 

52.66 

54.57 

90 

31.42 

33.71 

36.98 

38.21 

40.40 

42.56 

44.68 

46.76 

48.81 

50.80 

52,75 

54.66 

95 

31.64 

33.83 

36.09 

38.32 

40.51 

<2.67 

44.79 

46.87 

48.91 

50.90 

62.85 

54.76 

100 

31.65 

33.94 

36.20 

S8.43 

40.62 

42.77 

44.89 

46.97 

49.01 

51.00 

52.95 

54.85 

Mv 
per ‘F 

0.0232 

0.0229 

0.0226 

0.0223 

0.0219 

0.0215 

0.0212 

0.0208 

0.0204 

0.0199 

0.0195 

0.0190 


* Form of table supplied by The Brown Inatrument Comptny. Data conform to National Bureau of Btand* 
a»da ipecificationi. 



Table A-13. Thermal Emp for Platinum-Platinum + 10% Rhodhtm Thermocouple 

Reference Junction at 32 ®F 
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Form of table supplied by The Brown Instruinput Company. Data conform to Xational Bureau of Standards specifications. 
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Table A-15. Resistance (vebsus Tempebatube) of Vabious Metals * 

R««iaiivity, 

microhm- Relative Reustanoe (Rt/Ro) at *C 


Metal 

cm 

- 

200 

- 

-100 

0 

■flOO 

200 

300 

400 

500 

600 

700 

800 

900 

Ahimel 

28.1 





1.000 

1.239 

1.428 

1.537 

1.637 

1.726 

1.814 

1.899 

1.982 

2.066 

Copper 

1.5ft 

0. 

117 

0 

557 

1.000 

1.431 

1.862 

2.299 

2.747 

3.210 

3.695 

4.208 

4.752 

5.334 

Iron 

8.67 





1.000 

1.650 

2.464 

3.485 

4.716 

6.162 

7.839 

9.790 

12.009 

12.790 

Manganin 

48.2 





1.000 

1.002 

0.996 

0.991 

0.983 






Nickel 

ft. 38 





1.000 

1.663 

2.501 

3.611 

4.847 

5.398 

5.882 

6.827 

6.761 

7.156 

IMatinum 

9.83 

0 

177 

0. 

599 

1.000 

1.392 

1.773 

2.142 

2.499 

2.844 

3.178 

3.500 

3.810 

4.109 

Pt90,Rhl0 18.4 





1.000 

1.166 

1-330 

1.490 

1.646 

1.798 

1.947 

2.093 

2.234 

2.370 

fiilvei 

1.50 

0 

176 

0. 

596 

1.000 

1.408 

1.827 

2.256 

2.698 

3.150 

3.616 

4.094 

4.586 

5.091 


* Data from TemptrcUure, lit Meamremeni and Control in Science and Indudry, 1941. 

Data for temperatiires below sero not giveu for same sample as data for temperatures above sera. 


Table A-16. Total and Spbctbal Emissivitt of Open Subpacbs * 

Emissivity Emiaittvity 





Spectral, 




Spec- 


Type 

Total. 



Type 

Total, 

tral, 0n. 

Material 

Surface 

et 

n - 0.65 

Material 

Surface 

•* 

n - 0.61 

Alumel 

Clean 


0.37 

Iron, wrought 

Dull, oxidised 

0.94 


Ahuninum 

Clean 

0.03 


Lead 

Clean 

0.05 



Oxidised 

0.19 

0.30 


Oxidised 

0.63 


Brass 

Clean 

0.04 


Monel 

Clean 


0.37 


Oxidised 

0 61 



Oxidised 

0.43 


Carbon 


0.08 

0.90 

Nichrome 

Clean 


0.35 

Chrome! 

Oxidised 

0.82 

0.87 


Oxidised 

0.87 

0.90 

Chromium 

Clean 

0.08 

0.34 

Nickel 

Clean 

0.12 

0.S6 


Oxidised 


0.70 


Oxidised 

0.85 

0.90 

Constantan 

Clean 


0.35 

Platinum 

Clean 

0.15 

0.30 


Oxidised 


0.84 

Porcelain 



0.40 

Copper 

Clean 

0.02 

0.10 

Silica brick 


0.85 



Clean, molten 

0.15 

0.16 

Silver 

Clean 

0.04 

0.07 


Oxidised 

0.60 

0.70 

Steel 

Clean 

0.08 

0.35 


Calorised 

0.26 



Clean, molten 

0.28 

0.37 


Caloris., oxid. 

0.19 



Oxidised 

0.79 

0.80 

Firebrick 


0.75 



Caloris., oxid. 

0.57 


Clara 


0.94 



Rough plate 

0.97 


Iron 

Clean 

0.05 

0.35 

Steel (18-8) 

Oxidised 

0.97 

0.85 


Clean, molten 


0.37 

Tungsten 

300*K 

0.032 

0.472 


Rusted 

0.65 



lOOD^K 

0.114 

0.458 


Oxidized 

0.84 

0.70 


1500 

0.192 

0.448 

Iron, east 

Clean 

0.21 

0.37 


2000 

0.260 

0.438 


Clean, molten 

0.29 

0.40 


2500 

0.303 

0.428 


Oxidized 

0.78 

0.70 


3000 

0.334 

0.418 


Strongly oxid. 

0.95 



3500 

0.351 

0.408 


* Data from Temperature, lie Meaeurement and Control in Science and Indueiry, 1941. 

Emissivity of oxidieed surfaces may vary by 30% and depends on roughness of surface. Vahies are given 
at operating temperatures, wherever poasibte. 





















Correction to be added, 
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Table A-17. CoRRBcnoNa for Optica ii~PYROMETER Readings for Low- 
Transmission AND EmISSIVITY FACTORS 

At 0.665 microns 



800 1200 1600 2000 2400 2800 3200 3600 

Observed temperature, “F 
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Table A-18. Weight Density of Mercury and Water 




Water 



Merrury 


Temp., 

r ' - 


Relative 


Specihc 

Relative 

oy 

Lb/ft’ 

Lb/in. ^ 

Density 

Lb/ft’ 

Gravity * 

Density 

20 




849.72 

13.612 

1.00406 

25 




849.29 

13.605 

1.00354 

30 




848.85 

13.598 

1.00302 

(32) 

62.416 

0.036121 

0.99987 

8*48.72 

13.596 

1.00288 

35 

62.422 

0.036124 

0.99996 

848.47 

13.592 

1.00258 

40 

62.424 

0.036125 

1.00000 

848.04 

13.585 

1.00206 

45 

62.420 

0.036122 

0.99992 

847.60 

13.578 

1.00155 

50 

62.408 

0.036116 

0.99973 

847.16 

134)71 

1.00103 

65 

62.388 

0.036104 

0.99942 

846.73 

13.564 

1.0(M)52 

60 

62.304 

0.036090 

0.99903 

846.29 

13 557 

1 .(XXKH) 

65 

62.335 

0.036073 

0.99856 

845.85 

13.550 

0.99948 

(68) 

62.314 

0.036061 

0.99823 

8^15.60 

13.546 

0.99919 

70 

62.300 

0.036053 

0.99800 

845.42 

13.543 

0.99897 

75 

62.258 

0.036029 

0.99734 

844.98 

13.53() 

0.99845 

80 

62.214 

0.036003 

0.99662 

844.60 

13.530 

0.99801 

85 

62.165 

0.035975 

0.99585 

844.17 

13.523 

0.99749 

90 

62.112 

0.035944 

0.99499 

843.73 

13.516 

0.99698 

95 

62.054 

0,035911 

0.99406 

843.35 

13.510 

0.99653 

100 

61.991 

0.035875 

0.99306 

842.92 

13.503 

0,99602 

105 

61.926 

0.035837 

0.99201 

842.48 

13.496 

0.99550 

110 

61.858 

0.035797 

0.99092 

842.04 

13.480 

0.99498 

115 

61.787 

0.035756 

0,98978 

841.61 

13.482 

0.99447 

120 

61.710 

0.035712 

0.98856 

841.23 

13.476 

0.99402 


* Referred to water at 39.2°F, 

The density of water is 62.4245 pcf at 4®C (39.2°F). The density of mercury 
is 848.692 lb per ft^ at 0"C (32 "F). 
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Table A-20. Characteristics of Manometer Fluids 


Liquid 

Freeiing 

Point, 

“F 

Boiling 

Point. 

op 

Benaene 

42 

178 

Carbon tetra* 
chloride 


177 

Ethyl alcohol 

-175 

172 

Keroaene 


~250 

Mercury 

-38 

676 

Toluene 

-134 

230 

Water 

32 

212 


Specihc 

Viaeoaity, 

Coefficiert 

Volumetric 

Expansion 

Gravity 

oenti- 

X 10^ 

at68"F 

poises 

per “F 

0.879 

0.645 

1.237 

1.595 

0.969 

1.236 

0,791 

1.20 

1.12 

0.78-0.82 

2.0 

0.95 

13.55 

1.55 

0.1819 

0.882 

0.590 

1.224 

1.000 

1.00 

0.207 


Vapor 


Capil¬ 

lary 

Rise 

Pressure 

Surface 

Relative 

at eS^F, 

Tension, 

to 

mm Hg 

dynes/cm 

Mercury 


28.9 

0.93 

91 

26.8 

0.47 

43.9 

22.3 

0.78 


23-32 

0.96 

0.0012 

487 

1.00 


28.4 

0.89 

17.54 

72.7 

2.0 
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Tables A~21, A-22, A-23 

Thtise tables show orifice«flow coefficients Kq including the velocity-of- 
approach factor 1/v 1 — The Reynolds numbtjr is indicated in the head¬ 
ing at each column. The diameter ratio /3 is shown in the left hand column. 
The values of flow coefficient are accurate to within the following tolerances: 

Flange taps, =t0.5 per cent for 0.15 < < 0.70 

Vena-contracta taps, d=0.4 per cent for 0.15 < ^ < 0.75 
Pipe taps, ±0.75 per cent for 0.20 < < 0.67 

Double these tolerances apply outside the given limits of and double these 
tolerances apply for figures in italics. 

These data reprinted from Fluid Metera^ Their Theory and Application, 
Part I, ASME, 1937. 
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Tabus A-21. Omficbs-Flow Coefficients for Flange Taps 


For 2-in. Pipe 



10.000 

15.000 

25.000 

85.000 

60,000 

75.000 

100.000 

160,000 

250,000 

500,000 

10.000,000 

0.100 

0.6134 

0.6101 

0.6075 

0.6064 

0.6050 

0.6049 

0.6046 

0.6043 

0.6040 

0.6039 

0.6036 

0.150 

0.6112 

0.6072 

0.6040 

0.6027 

0.6017 

0.6009 

0.6005 

0.6001 

0.6999 

0,6996 

0.6995 

0.200 

0.0104 

0.6060 

0.6026 

0.6011 

0.6000 

0.5991 

0.5987 

0.5983 

0.6979 

0.6976 

0.6974 

0.260 

0.6H5 

0.6070 

0.6033 

0.6017 

0.6006 

0.5997 

0.5992 

0.5987 

0.6983 

0.6981 

0.6978 

0.300 

0.6150 

0.6100 

0.6062 

0.6055 

0.6032 

0.6028 

0.6018 

0.6013 

0.6009 

0.6006 

o.eoos 

0.350 

0.6204 

0.6149 

0.6106 

0.6088 

0.6074 

0.6063 

0.6058 

0.6053 

0.6049 

0.6045 

0.604$ 

0.400 

0.6278 

0.6210 

0.6144 

0.6129 

0.6117 

0.6111 

0.6104 

0.6099 

0.0096 

0.6094 

0.8Q90 

0.450 

o.mi 

0.6307 

0.6248 

0.6222 

0.6203 

0.6188 

0.6)80 

0.6173 

0.6167 

0.6163 

0.6159 

0.500 

o.esst 

0.6430 

0.6357 

0.6326 

0.6302 

0.6284 

0.6275 

0.6266 

0.6259 

0.6253 

O.0$47 

0.550 

0.6708 

0.659$ 

0.6501 

0.6461 

0.6433 

0.6410 

0.6398 

0.6386 

0.6377 

0.6371 

0.6368 

0.000 

0.6946 

0.6801 

0.6687 

0.6837 

0.6601 

0.6572 

0.6558 

0.6544 

0.6532 

0.6524 

0.6616 

0.625 

0.7090 

0.6930 

0.6801 

0.6746 

0.6705 

0.6672 

0.6656 

0.6641 

0.6628 

0.6618 

0.8608 

0.650 

0.7m 

0.7071 

0.69$7 

0.6866 

0.6819 

0.6783 

0.6765 

0.6748 

0.6732 

0.6i22 

0.671$ 

0.675 

0.7431 

0.7$S0 

0. 7070 

0.7000 

0.6949 

0.6908 

0.6888 

0.6808 

0.6852 

0.6840 

0.68$9 

0.700 

0.7630 

0.7406 

0 . 7 m 

0.7166 

0.7092 

0.7047 

0.7025 

0.7003 

0.6085 

0.6972 

0.6969 


For 3-in. Pipe 



10,000 

15,000 

25,000 

35.000 

50,000 

75,000 

100,000 

250,000 

m,yio 

10,000,000 

0.100 

0.6120 

0.6076 

0.6041 

0.6026 

0.6014 

0.0005 

0.6001 

0.6993 

0.69<f0 

0.6988 

0.150 

0.6108 

0.6056 

0.6014 

0.5997 

0.6085 

0.6973 

0.5967 

0.6969 

0.6966 

0.596$ 

0.200 

0.6119 

0.6063 

0.6018 

0.5999 

0.6984 

0.6974 

0.6968 

0.5058 

0.6966 

0.6961 

0.250 

0.6146 

0.6089 

0.6043 

0.6022 

0.6008 

0..599f) 

0.5990 

0.5980 

0.6977 

0.697S 

0.300 

0.6183 

0.6120 

0.6073 

0.6053 

0.6037 

0.6025 

0.6019 

0.6000 

0.6005 

0.6001 

0.350 

0.6236 

0.6170 

0.6116 

0.6094 

0.6078 

0.6064 

0.6058 

0.6046 

0.6042 

0.6038 

0.400 

0.6314 

0.6239 

0.6178 

0.6162 

0.6132 

0 6117 

0.6109 

0.6096 

0.6092 

0.60S7 

0.450 

0 . 84$6 

0.6333 

0.6200 

0.6228 

0.8206 

0.6187 

0.6178 

0.6162 

0.6156 

0.6151 

0.500 

0.6580 

0.6465 

0.6374 

0.6335 

0.6305 

0.6283 

0.6271 

0.6261 

0.6244 

0.6$S7 

0.550 

0.6788 

0.8641 

0.6525 

0.6475 

0.6438 

0.6409 

0.6394 

0.6368 

0.0358 

0.6360 

0.600 

0.7066 

0.6871 

0.67$$ 

0.6659 

0.8010 

0.6573 

0.6655 

0.6521 

0.6510 

0.6499 

0.625 

0.7$18 

0.7009 

0.6840 

0.6769 

0.6714 

0.6673 

0.6651 

0.6613 

0.6601 

0.6689 

0.650 

0.7400 

0 .7164 

0.6974 

0.8893 

0.6833 

0.6785 

0.6761 

0.6718 

0.6705 

0.669$ 

0.675 

0.760$ 

0. 7336 

0.7123 

0.7031 

0.6963 

0.6910 

0.6883 

0.6835 

0.6820 

0.680^ 

0.700 

0.78$8 

0.7530 

0.7$90 

0.7188 

0.7113 

0.7062 

0.7022 

0.6968 

0.6951 

0.6934 


For 4-in. Pipe 


0 

10,000 

15,000 

26,000 

50,000 

75,000 

100,000 

250,000 

500,000 10,000,000 

0.100 

0.6118 

0.6064 

0.6020 

0.5983 

0.6976 

0.6971 

0.6%2 

0.5969 

0.6956 

0.150 

0.6128 

0.0065 

0.6014 

0.6976 

0.5963 

0.5956 

0,5946 

0.5941 

0.6937 

0.200 

0.6151 

0.6083 

0.6030 

0.5990 

0.5977 

0.5970 

0.5958 

0.6954 

0.6960 

0.250 

0,6178 

0.6111 

0.6056 

0.6015 

0.6001 

0.5992 

0.6982 

0.6978 

0.5974 

0.300 

0.6212 

0.6142 

0.6086 

0.6044 

0.6030 

0.6023 

0.0010 

0.6006 

0.600$ 

0.350 

0.6263 

0.8188 

0.6127 

0.6082 

0.6067 

0.6060 

0.6046 

0.6042 

0.6037 

0.400 

0.6343 

0.6257 

0.6188 

0.6135 

0.6U8 

0.6110 

0.6094 

0.6089 

0.6084 

0.450 

0.6463 

0.6357 

0.6273 

0.6210 

0.6189 

0.6178 

0.6160 

0.6153 

0.6147 

0.500 

0.6631 

0.6497 

0.6391 

0.6310 

0.6285 

0.6271 

0.6247 

0.6239 

0.6231 

0.550 

0.6834 

0.6690 

0.6661 

0.6447 

0.6413 

0.6395 

0.6364 

0.6354 

0.6344 

0.600 

0.7158 

0.6936 

0.6757 

0.6623 

0.6578 

0.6556 

0.6616 

0.6503 

0.6490 

0.625 

0.7340 

0.7087 

0.6888 

0.6781 

0.6680 

0.6655 

0.6609 

0.6594 

0.6680 

0.650 

0.7640 

0.7$63 

0.7023 

0.6860 

0.6793 

0.6764 

0.6712 

0.6696 

0.6679 

0.675 

0.7749 

0.74$6 

0.7166 

0.6971 

0.6906 

0.6874 

0.6815 

0.6795 

0.6777 

0.700 

0.7986 

0.7621 

0.7328 

0.7109 

0.7037 

0.7001 

0.6935 

.0.6913 

0.689$ 

0.725 

0.8$98 

0.7887 

0.7658 

0. 7311 

0.7228 

0.7197 

0.7113 

0.7088 

0.7066 

0.760 

0.8646 

0M8t 

0.7807 

0.7631 

0.7438 

0.7391 

0.7307 

0.7279 

0.7263 
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Table A-21. Obifice-Flow Coefficients fob Flange Taps (Contintted) 


For (Wo, Kpe 


0 

25,000 

35,000 

50,000 

75,000 

100,000 

150/X)0 

250,000 

500,000 

1,000,000 10,000,000 

0.100 

0.6016 

0.5992 

0.5973 

0.5967 

0.5950 

0.5942 

0.5939 

0.5933 

0.6039 

0.6937 

0.150 

0.6036 

0.6010 

0.5987 

0.5970 

0.59.n 

0.5952 

0.594$ 

0.5940 

0.6937 

0.6935 

0.200 

0.6061 

0.6030 

0.6008 

0.5990 

0.5981 

0.5972 

0.5065 

0.6969 

0.6957 

0.6954 

0.250 

0.6063 

0.6051 

0.6029 

0.6011 

0.6002 

0.5994 

0.5987 

0.5981 

0.5978 

0.5976 

0.300 

0.6107 

0.6077 

0.6055 

0.6087 

0.6028 

0.8020 

0.6013 

0.6007 

0.8004 

0.6003 

0.350 

0.6149 

0.6117 

0.6094 

0.6075 

0.6066 

0.6056 

0.6049 

0.6043 

0.6041 

0.6038 

0.400 

0.6209 

0.6173 

0.( 45 

0.6124 

0.6113 

0.6103 

0.6095 

0.6089 

0.6085 

0.6083 

0.450 

0.6302 

0.6256 

0.0222 

0.6197 

0.6183 

0.6170 

0.6160 

0.6152 

0.6148 

0.6144 

O.SOO 

0.9m 

0.6371 

0.6328 

0.6294 

0.6276 

0.6260 

0.6246 

0.6236 

0.6231 

O.em 

0.550 

o.em 

0.6529 

0.6470 

0.6425 

0.640: 

0.6380 

0.6362 

0.6349 

0.6342 

0.3536 

0.000 

0,983$ 

0.9735 

0.6658 

0.6599 

0.6569 

0.6540 

0.6515 

0.6498 

0.6488 

0.0481 

0.625 

0.9978 

0.6859 

0.6772 

0.6704 

0.6669 

0.6635 

0.6607 

0.6587 

0.6578 

0.6568 

o.wo 

0.713$ 

O.em 

0.6898 

0.6803 

0.6782 

0.6743 

0.6711 

0.6688 

0.6677 

0.6066 

0.675 

0.7308 

0. 715$ 

0.7041 

0.6953 

0.6909 

0.6865 

0.6829 

0.6803 

0.6700 

0.6777 

0.700 

0.7500 

0.7338 

0.7199 

0.7099 

0.7048 

0.6998 

0.6058 

0.6938 

0.6913 

0.8899 

0.725 

0.77$1 

0. 7537 

0.7381 

0.7367 

0.7211 

0.7153 

0.7108 

0.7074 

0.7058 

0.7041 

0.750 

0.8017 

0.7788 

0.7619 

0.7483 

0.7417 

For S'in. 

0.7348 

Pipe 

0.7294 

0.7255 

0.7238 

0.7317 

/J 

25,000 

35,000 

50,000 

75,000 

100,000 

150,000 

250,000 

500,000 

1,000,000 

10.000.000 

0.100 

0.6035 

0.6002 

0.5977 

0.5958 

0.5949 

0.15939 

0. sm 

0. :m 

0.5933 

0.6930 

0.150 

0.6067 

0.6030 

0.8002 

0.5980 

o.am 

0.59.58 

0.5949 

0.5943 

0.6940 

0.5736 

0.200 

0.6086 

0.60S0 

0.6022 

0.0000 

0.5989 

0.5978 

0.5069 

0.5969 

0. 6960 

0.5956 

0 250 

0.6108 

0.6067 

0.6040 

0.6018 

0.6008 

0.5997 

0.5989 

0.6983 

0.5979 

0.5976 

0.300 

0.6127 

0.6091 

0.6066 

0.6045 

o.mi 

0.6024 

0.6016 

0.0009 

0.6006 

0.6003 

0,350 

0.616? 

0.6129 

0.6101 

0.8079 

0.6068 

0.6058 

0.6049 

0.6043 

0.6039 

0.0036 

0.400 

0.6229 

0.6186 

0.6155 

0.6130 

0.8118 

0.6106 

0.6095 

0.6088 

0.5085 

0 . mi 

0.450 

0.6325 

0.6272 

0,6232 

0 0202 

0.6186 

0.6171 

0.6159 

0.6150 

0.6146 

o.ei4o 

0.500 

0 .€49$ 

0.6396 

0.6343 


0.6284 

0.6263 

0.6246 

0-6235 

0.6229 

0.0324 

0.550 

0.60$! 

0.6568 

0- 6497 

0.6441 


0.6389 

0.6364 

0.6349 

0.6340 

0,6353 

0.800 

0. 9913 

0.678$ 

0.6693 

0.6619 

0.6583 

0.6546 

0.6517 

0.6496 

0.6484 

0.6474 

0.625 

0.7067 

0.6933 

0.6813 

0.6730 

0.6687 

0.6645 

0.6611 

0.6586 

0.6572 

0.6561 

0.650 

0. 7339 

0.7073 

0.6947 

0 em 

0.6803 

0.6754 

0.6715 

0.6687 

0.6672 

0.6658 

0. 675 

0.7433 

0.7343 

0.7100 

o.em 

0.6934 

0.6879 

0.6834 

0.6801 

0.6784 

0.07G8 

0.700 

0.764$ 

0.7430 

0.7369 

0.7142 

0.7079 

0.7016 

0.6966 

0.6928 

0.6910 

0.6891 

0.725 

0.7889 

0. 7643 

0. 7459 

0.Tnt5 

0.7243 

0.7173 

0.7115 

0.7072 

0.7052 

0.7038 

0.750 

0,8314 

0.7933 

0. 7706 

0.7536 

0.7452 0.7367 

For 10-in. Pipe 

0.7299 

0.7249 

0.7223 

0.7200 

0 

25,000 

35,000 

50,000 

75,000 

100,000 

150,000 

250,000 

500,000 

1,000,000 

10,000.000 

O.lOO 

0.6056 

0.6018 

0.5998 

0,5965 

0.5953 

0.5941 

0.5933 

0.5935 

0.5933 

0.5918 

0.150 

0.6095 

0.6050 

0.6016 

0.5990 

0.5975 

0.5964 

0.5954 

0.5949 

0.5943 

0.5m 

0.200 

0.6112 

0.6068 

0.6035 

0.6009 

0.6996 

0.5983 

0.6972 

0.5965 

0.6961 

0.5957 

0.250 

0.6125 

0.6083 

0.6061 

0.6027 

0.6018 

0.6002 

0.5991 

0.5986 

0.6983 

0.5978 

0.300 

0.6145 

0.6104 

0.6074 

0.6051 

0.6039 

0.6027 

0.6018 

0.6011 

0.6008 

0.6004 

0.350 

0.6182 

0.6139 

0.6109 

0.6085 

0.6073 

0.6061 

0.6051 

0.6044 

0.6041 

0.6037 

0.400 

0.6246 

0.6198 

0.6163 

0.6135 

0.6122 

0.6108 

0.6097 

0.6089 

0.6085 

0.6081 

0.450 

0.6346 

0.6288 

0.6244 

0.6209 

0.8192 

0.6174 

0.6160 

0.6150 

0.6145 

0.6140 

0.500 

0.9500 

0.6421 

0.6361 

0.6315 

0.6291 

0.6268 

0.6249 

0.6235 

0.6239 

0.6333 

0.550 

0.6713 

0.6603 

0.6521 

0.6457 

0.6425 

0.6393 

0.6368 

0.6348 

0.6338 

0.6330 

0.600 

0.9988 

0.$840 

0.6728 

0.6643 

0.6600 

0.65S6 

0.6521 

0.6496 

0.6483 

0.6471 

0.625 

0.7136 

0.$970 

0.6846 

0.6749 

0.6706 

0.6653 

0.6613 

0.6585 

0.6571 

0.6561 

0.650 

0.7348 

0.7148 

0.6999 

0.9883 

0.8826 

0.6769 

0.6722 

0.6687 

0.6671 

0.6855 

0.675 

0.7557 

0.7330 

0.7159 

0.7027 

0.6961 

0.6894 

0.6842 

0.6802 

0.6781 

0.6764 

0.700 

0.7793 

0.7533 

0.7337 

0.7186 

0.7110 

0.7035 

0.6074 

O.em 

0.6906 

0.6885 

0.725 

0.80S7 

0.7761 

0.7540 

0.7367 

0.7281 

0.7194 

0.7126 

0.7074 

0.7048 

0.7035 

0.750 

0.8414 

0.8064 

0.7800 

0.7597 

0.7491 

0.7391 

0.7310 

0.7247 

0.7318 

C.7190 
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Table A~22. Oripicb-Flow Coefficients for Vena-Contracta Taps 






For 2~}i]i. Pipe 





0 

10,000 

15,000 

25,000 

35,000 

50,000 

75.000 

100,000 

150,000 

250,000 

500,000 

0.100 

0.6195 

0.6148 

0.6106 

0.6083 

0.8061 

0.6041 

0.6031 




0.160 

0.6133 

0.0097 

0.6059 

0.6039 

0.6022 

0.6004 

0.5995 




0.200 

0.6098 

0.6067 

0.6035 

0.6020 

0.6004 

0.6989 

0.5981 

0.5971 



0.260 

0.6090 

0.6062 

0.6035 

0.6020 

0.6007 

0.5995 

0.5988 

0.6978 



0 300 

0.6109 

0.6082 

0.6056 

0.6041 

0.6029 

0.6018 

0.6016 

0.6001 

0.5998 


0.360 

0.6160 

0.6123 

0.6096 

0.6081 

0.6068 

0.6055 

0.6048 

0.6039 

0.6080 


0.400 

0.6214 

0.6185 

0.6154 

0.6138 

0.6125 

0.6111 

0.6103 

0.6093 

0.6084 

0.6074 

0.450 


0.6261 

0.6229 

0.6212 

0.6197 

0.6182 

0.6173 

0.6165 

0.6156 

0.6144 

0.500 


0.6361 

0.6327 

0.6308 

0.6293 

0.6277 

0.6268 

0,6267 

0.6247 

0.6236 

0.650 



0.6464 

0.6433 

0.6418 

0.6401 

0.6390 

0.6379 

0.6368 

0.6357 

0.600 




0.6601 

0.6582 

0.6565 

0.6553 

0.6541 

0.6630 

0.6516 

0.626 





0.6684 

0.6666 

0.6654 

0.6639 

0.6628 

0.6613 

0.650 





0.6802 

0.6782 

0.6768 

0.6753 

0.6740 

0.6724 

0.675 





0.6938 

0.6016 

0.6900 

0.6884 

0.6870 

0.6852 

0.700 





0.7095 

0.7070 

0.7054 

0.7034 

0.7018 

0.7000 

0.726 





0.7280 

0.7250 

0.7233 

0.7212 

0.7191 

0.7169 

0.760 





0.7496 

0.7460 

0.7440 

0.7417 

0.7392 

0.7368 

0.776 






0.7709 

0.7687 

0.7661 

0.7634 

0.7807 

0.800 






0.8012 

0.7988 

0.7960 

0.7930 

0.7900 

0.826 




. 0.8396 

For 3-in. Pipe 

0.8370 

0.8340 

0.8306 

0.8273 


0 

15.000 

25.000 

85,000 

50,000 

75,000 

100,000 

150,000 

250,000 

500,000 

1,000,000 

0.100 

0.6081 

0.0045 

0.6026 

0.6009 

0.5993 

0.5984 

0.6972 




0.150 

0.6048 

0.6018 

0.6002 

0.5987 

0.5974 

0.5967 

0.5967 




0.200 

0.6087 

0.6010 

0.5995 

0.5983 

0.5971 

0.6963 

0.5955 

0.5947 



0.250 

0.6050 

0.6026 

0.6011 

0.5998 

0.6988 

0.5981 

0.6973 

0.5964 



0.300 

0.6081 

0.6054 

0.6039 

0.6027 

0.6015 

0.0008 

0.6000 

0.5091 

0.5982 


0.850 

0.6123 

0.6096 

0.6081 

0.6067 

0.6056 

0.6047 

0.6089 

0.6029 

0.6021 


0.400 

0.6185 

0.6154 

0.6139 

0.6125 

0.6111 

0.6103 

0.6092 

0.6084 

0.6074 

0.6067 

0.450 


0.6230 

0.6213 

0.6197 

0.6183 

0.6174 

0.6164 

0.6154 

0.6144 

0.6137 

0.500 


0.6327 

0.6309 

0.6292 

0.6277 

0.6268 

0.6257 

0.6246 

0.6236 

0.6228 

0.550 



0.6434 

0.6418 

0.6402 

0.6391 

0.6379 

0.6368 

0.6356 

0.6348 

0.600 



0.6601 

0.6581 

0.6664 

0.6553 

0.6542 

0 6530 

0.6517 

0.0507 

0.625 




0.6686 

0.6666 

0.6665 

0.6642 

0.6628 

0.6613 

0.6604 

0.650 




0.6806 

0.6783 

0.6770 

0.6756 

0.6739 

0.6724 

0.8713 

0.675 




0.6946 

0.6920 

0.6904 

0.6886 

0.6868 

0.6849 

0.6837 

0.700 



. 

0.7107 

0.7077 

0.7060 

0.7039 

0.7018 

0.6995 

0.6980 

0.725 




0.7294 

0.7260 

0.7241 

0.7215 

0.7192 

0.7166 

0.7149 

0.750 




0.7613 

0.7475 

0.7453 

0.7424 

0.7396 

0.7368 

0.7349 

0.775 




0.7773 

0.7728 

0.7704 

0.7673 

0.7641 

0.7612 

0.7589 

0.800 





0.8038 

0.8009 

0.7975 

0.7940 

0.7905 

0.7882 

0.825 




. 0.8426 0.8395 

For 4-itt, Pipe 

0.8355 

0.8317 

0.8277 

0.8251 

0 

15,000 

25,000 

85,000 

50,000 

75,000 

100,000 

150,000 

250,000 

500,000 

1,000,000 

0.100 

0.6063 

0.6029 

0.6011 

0.5994 

0.5980 

0.6971 

0.5959 




0.150 

0.6089 

0.6010 

0.5994 

0.5980 

0.5967 

0.5960 

0.5950 




0.200 

0.6034 

0.6007 

0.6993 

0.6981 

0.5969 

0.5961 

0,5954 




0.250 

0.6049 

0.6025 

0.6010 

0.6998 

0.5987 

0.5980 

0.5972 

0.6964 



0.800 

0.6081 

0.6054 

0.6089 

0.6027 

0.6015 

0.6008 

0.6000 

0.5991 

0.5983 


0.350 

0.6123 

0.6096 

0.6081 

0.6067 

0.6055 

0.6047 

0.0039 

0.6029 

0.6022 


0.400 

0.6185 

0.6154 

0.6139 

0.6125 

0.6111 

0.6103 

0.6092 

0.6084 

0.6074 

0.6067 

0.450 


0.6229 

0.6213 

0.6197 

0.6183 

0.8174 

0.6164 

0.6154 

0.6144 

0.6137 

0.600 



0.6309 

0.6292 

0.8277 

0.6268 

0.6267 

0.6246 

0.6236 

0.6228 

0.550 



0.6484 

0.6418 

0.6402 

0.6391 

0.6879 

0.6368 

0.6356 

0.6348 

0.600 



0.6601 

0.6581 

0.6664 

0.6558 

0.6542 

0.6530 

0.6517 

0.6607 

0.625 





0.6667 

0.6655 

0.8642 

0.5628 

0.6618 

0.6604 

0.680 





0.6785 

0.6771 

0.6756 

0.6739 

0.6724 

C.0713 

0.675 






0.6906 

0.6887 

0.6869 

0.6849 

0.6887 

0.700 






0.7063 

0.7041 

0.7019 

0.6995 

0.6980 

0.726 






0.7245 

0.7219 

0.7193 

0.7167 

0.7148 

0.750 






0.7460 

0.7429 

0.7399 

0.7370 

0.7348 

0.775 






0.7714 

0.7680 

0.7645 

0.7613 

0.7587 

0.800 






0.8022 

0.7963 

0.7945 

0.7906 

0.7881 

0.828 






0.8408 

0.8364 

0.8321 

0.8277 

0.8249 
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Table A-22. Obifice-Flow Coefficients fob Vbna-Contbacta Taps 

{Continued) 

For 64n. Pipe 

0 15,000 25.000 35.000 50.000 75.000 100.000 150.000 250.000 500.000 1.000.000 

0.100 0.0024 0.5905 0.5978 0.5903 0.5951 0.5942 . 

0.150 0.0019 0.5992 0.5978 0.5905 0.6953 0.5940 . 

0.200 0.0028 0.6001 0.6988 0.5977 0.6906 0.5958 0.5951 . 

0.250 0.6048 0.0022 0.6009 0.5997 0.6980 0.5979 0.5971 0.5903 . 

0.300 0.0080 0.6053 0.0039 0.6020 0.J014 0.6007 0.6000 0.5990 0.5984 0.5978 


0.350 0.6123 0.6090 0.6082 0.0068 0.6055 0.0047 0.6040 0.6030 0.0023 0.0015 

0.400 0.0185 0.0155 0.0139 0.0125 0.0111 0.6104 0.6093 0.0083 0.6074 0.0007 

0.450 . 0.0229 0.0218 0.6197 0.6183 0.6175 0.6165 0.0154 0.6143 0.6136 

0.500 . 0.6327 0.6309 0.6293 0.6277 0.6269 0.6258 0.6247 0.6235 0.6228 

0.550 . 0.6434 0.6418 0.6402 0.6391 0.6379 0.6368 0.6350 0.6347 

0.600 . 0.6001 0.6581 0.6565 0.6554 0.6542 0.6529 0.6517 0.6506 

0.625 . 0.6668 0.6656 0.6642 0.6629 0.6614 0.6604 

0.650 . 0.6788 0.6774 0.6757 0.6740 0.6725 0.6713 

0.675 0.6910 0.6890 0.8870 0.6850 0.6837 

0.700 0.7069 0.7044 0.7021 0.6990 0.0980 

0.725 0.7^ 0.7226 0.7196 0.7168 0.7147 

0.750 0.7475 0.7441 0.7400 0.7373 0.7346 

0.775 0.7734 0.7694 0.7654 0.7614 0.7584 

0.800 0.8048 0.8001 0.7956 0.7909 0.7878 

0.825 08435 0.8383 0.8330 0.8270 0.8244 


For 8-in. Pipe 


0 15.000 25.000 35.008 50.000 75.000 100,000 150.000 250.000 500.000 1.000.009 1.500,000 


0.100 

0 

6023 

0 

5996 

0.5980 

0.6964 

0.5952 

0.5944 






0.150 

0 

0017 

0 

5993 

0.5980 

0.5966 

0.5954 

0.5947 






0.200 

0 

6029 

0 

6002 

0.5989 

0.6978 

0.5966 

0.5959 

0.5952 





0.250 

0 

0051 

0 

6023 

0.6009 

0.5998 

0.5986 

0.5980 

0.6971 

0.5964 




0.300 

0 

6083 

0 

6054 

0.6039 

0.6027 

0.6015 

0.6008 

0.6001 

0.5991 

0.5984 



0.360 

0 

6123 

0 

6096 

0.6082 

0.6068 

0.6056 

0.0047 

0.6040 

0.6030 

0.6022 



0.400 

0 

6189 

0 

6155 

0.6139 

0.6125 

0.6111 

0.6104 

0.6093 

0.6083 

0.6074 

0.6068 


0.450 





0.6218 

0.6197 

0.6183 

0.6175 

0.6165 

0.6154 

0.6143 

0.6130 


0.500 





0.6309 

C '293 

0.6277 

0 6269 

0.6258 

0.6247 

0.6235 

0.6228 


0.550 





0.6434 

0.6418 

0.6402 

0.6391 

0.6379 

0.6368 

0.6356 

0.6347 


0.600 






0.6581 

0.6565 

0.6554 

0.6542 

0.6529 

0.6517 

0.6506 


0.625 







0.6669 

0.6656 

0.6642 

0.6630 

0.6615 

0.6004 


0.650 







0.6790 

0.6777 

0.6769 

0.6743 

0.6726 

0.6714 

0.0708 

0.675 








0.6915 

0.6894 

0.6873 

0.6853 

0.6838 

0.6833 

0.700 








0.7076 

0.7050 

0.7025 

0.6999 

0.6981 

0.6974 

0.725 








0.7265 

0.7233 

0,7202 

0.7170 

0.7148 

0.7139 

0.760 








0.7487 

0.7447 

0.7411 

0.7373 

0.7340 

0.7335 

0.775 








0.7748 

0.7701 

0.7659 

0.7614 

0.7582 

0.7570 

0.800 








0.8063 

0.8010 

0.7961 

0.7909 

0.7875 

0.7859 

0.825 








0.8454 

0.8393 

0.8336 

0.8277 

0.8239 

0.8219 


For 10*ln. Pipe 


0 

25.000 

35.000 

OOXXX) 

75.000 

100,000 

160.000 

250.000 

500,000 

1.000.000 

1.500,000 

0.100 

0.5998 

0.5962 

0.5966 

0.5954 

0.5946 

0.5936 





0.150 

0.5995 

0.5982 

0.5968 

0.5956 

0.6949 

0.5940 

0.5934 




0.200 

0.0004 

0.5991 

0.5979 

0.5967 

0.5961 

0.5958 

0.5946 




0.250 

0.6024 

0.0010 

0.0000 

0.5987 

0.5981 

0,5972 

0.5965 




0.300 

0.6055 

0.6040 

0.0039 

0.0016 

0.6010 

0.0002 

0.5992 

0.5985 



0.350 

0.6097 

0.6082 

0.0068 

0.0055 

0.0048 

0.0039 

0.6080 

0.6022 



0.400 

0.6155 

0.6139 

0.6124 

0.6111 

0.6103 

0.0092 

0,0082 

0.6074 

0.6069 


0.450 


0.0212 

0.6196 

0.6183 

0.6174 

0.6164 

0.6154 

0.6143 

0.6186 


0.500 


0.0808 

0.6292 

0,6277 

0.6268 

0.6257 

0.6240 

0.6265 

0.6228 


0.550 


0.6434 

0.6417 

0.5401 

0.6390 

0.6379 

0.6368 

0.6356 

0.6347 


0.600 



0.6581 

0.6865 

0.6654 

0.6642 

0.6530 

0.6517 

0.6507 


0.625 




0.6670 

0.6657 

0.6643 

0.6631 

0.6616 

0.0605 


0.050 




0.6792 

0.6780 

0.6761 

0.6746 

0.6728 

0.6710 

0.0710 

0.675 




0.6936 

0.6921 

0 6899 

0,6877 

0.6856 

0.0840 

0.6835 

0.700 




0 7108 

0.7086 

0.7056 

0.7030 

0.7002 

0.6988 

0.6975 

0.725 




. 

0.7276 

0.7240 

0.7208 

0.7173 

0.7149 

0.7139 

0.755 





0.7499 

0.7454 

0,7417 

0.7374 

0.7345 

0.7333 

0.775 





0.7762 

0.7709 

0.7664 

0.7614 

0.7580 

0.7567 

0.80U 



. 


0.8079 

0.8020 

0.7966 

0.7910 

0,7871 

0.7853 

0.825 





0.8473 

0.8404 

0.8342 

0.8279 

0.8234 

0.8210 
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Appendix 


Table A~28. Orificb~Flow Coefficients for Pipe Taps 
F or 2-iD. Pipe 

0 104)00 104)00 20.000 25.000 35.000 50,000 75.000 100,000 150,000 260,000 500,000 10.000.000 

0.100 0.5173 0.5184 0.5115 0.5104 0.6091 0.5081 0.6073 0.6070 0.8066 0.6066 0.6060 0.6061 

0.150 0.5213 0.5154 0.5140 0.5136 C.6100 0.5097 0.6087 0.5083 0.6016 0.6074 0.6011 0.6066 

0.200 0.6391 0.6236 0.6209 0.6192 0.6173 0.5159 0.6148 0.6143 0.6137 0.6166 0.6129 0.6196 

0.250 0.6413 0.6350 0.6319 0.6301 0.6380 0.5264 0.6251 0.5245 0.6289 0.696$ 0.6960 0.6996 

0.800 0.6565 0.6496 0.6481 0.6440 0.6417 0.6390 0.6385 0.6379 0.6372 0.6366 0.6363 0.6666 

0.350 0.6758 0.6680 0.6640 0.6617 0.6590 0.6570 0.6553 0.6545 0.6638 0.6633 0.6527 0.6699 

0.400 0.7003 0.6910 0.6864 0.6836 0.6810 0.6781 0.6762 0.6752 0.6744 0.6736 0.6730 0.6796 

0.425 0.7164 0.7052 0.7001 0.6870 0.6936 0.6909 0.6889 0.6879 0.6869 0.6861 0.6855 0.684$ 

0.450 0.7690 0.7209 0.7152 0.7119 0.7080 0.7051 0.7029 0.7018 0.7006 0.6997 0.6991 0.6984 

0.475 0.7610 0.7666 0.7323 0.7286 0.7243 0.7211 0.7187 0.7173 0.7161 0.7152 0.7144 0.7196 

0.500 0.7794 0.7866 0.7515 0.7473 0.7425 0.7390 0.7362 0.7347 0.7334 0.7333 0.7814 0.7606 

0.525 0.7966 0.7819 0.7753 0.7686 0.7632 0.7592 0.7561 0.7545 0.7530 0.7517 0.7508 0.7496 

0.550 0.6946 0.8068 0.7979 0.7927 0.7866 0.7821 0.7786 0.7768 0.7750 0.7737 0.7726 0.7716 

0.57$ 0.6666 0.6666 0.6966 0.8197 0.8129 0.8078 0.8038 0.8018 0.7999 0.7983 0.7970 0.7900 

0.600 0.8909 0.6669 0.6871 0.6606 0.8426 0.8368 0.8323 0.8301 0.8278 0.8260 0.8246 0.$MS4 

0.625 0.9610 0.9064 0.8996 0.8860 0.8762 0.8697 0.8646 0.8621 0.8595 0.8574 0.8559 0.8648 

0.650 0.9768 0.9476 0.9660 0.9946 0.9144 0.9069 0.9012 0.8983 0.8953 0.8980 0.8914 0.8897 

0.675 t.06I8 0.9968 0.9796 0.9694 0.9681 0.9496 0.9431 0.9897 0.9365 0.9339 0.9317 0.9600 

0.700 t.OBii 1.0606 1.0619 1.0906 1.0077 0.9961 0.9906 0.9668 0.9830 0 9801 0.9779 0.9767 

For 3-m. Plpo 

0 10,000 15,000 20,000 25.000 35.000 50.000 75,000 100.000 150.000 250,000 600.000 10.000.000 

0.100 0.6171 0.6134 0.6100 0.6085 0.6069 0.6057 0.6047 0.6043 0.6OSS 0.6064 0.6061 0.6098 

0.150 0.6223 0.6165 0.6136 0.6118 0.6098 0.6081 0.6071 0.6065 0.6060 0.6066 0.6059 0.6048 

0.200 0.6307 0.6242 0.6210 0.6191 0.B169 0.6151 0.6139 0.6133 0.6126 0.6191 0.6117 0.8116 

0.250 0.6424 0.6354 0.6320 0.6299 0.6276 0.6257 0.5243 0.6236 0.5229 0.6996 0.6919 0.6916 

0.800 0.6576 0.6502 0.6463 0.6440 0.6415 0.6395 0.6380 0.6373 0.6365 0.6359 0.6654 0.6660 

0.350 0.6771 0.6686 0.6644 0.6619 0.6590 0.6568 0.6551 0.6542 0.6534 0.6527 0.6699 0.6617 

0.400 0.7099 0.6923 0.6873 0.6842 0.6809 0.6784 0.6763 0.6753 0.6744 0.6736 0.6730 0.6794 

0.425 0.7176 0.7065 0.7010 0.6977 0.6939 0.6912 0.6889 0.6878 0.6868 0.6859 0.6853 0.6SJ^ 

0.410 0.7649 0.7226 0.7165 0.7129 0.7067 0.7055 0.7081 0.7019 0.7006 0.6996 0.6989 0.8989 

0.475 0.7647 0.7410 0.7341 0.7300 0.7253 0.7217 0.7190 0.7176 0.7168 0.7152 0.7143 0.71S6 

0.500 0.7770 0.7816 0.7537 0.7491 0.7438 0.7398 0.7367 0.7351 0.7336 0.7324 0.7314 0.7608 

0.525 0.8098 0.7860 0.7762 0.7700 0.7648 0.7604 0.7568 0.7550 0.7533 0.7518 0.7508 0.7498 

0.550 0.8619 0.8117 0.8016 0.7955 0.7886 0.7833 0.7798 0.7774 0.7753 0.7737 0.7725 0.7714 

0.575 0,8648 0.8416 0.8601 0.8232 0.8152 0.8093 0.8048 0.8024 0.8001 0.7983 0.7969 0.7967 

0.600 0.9090 0.8766 0.8696 0.8545 0.8454 0.8M7 0.8335 0.8308 0.8283 0.8260 0.8244 0.8999 

0.625 0.9446 0.914$ 0.8991 0.8900 0.8797 0.8719 0.8658 0.8627 0.8597 0.8673 0.8555 0.86S7 

0.650 0.9999 0.9681 0.9407 0.9606 0.9184 0.9095 0.9024 8.8990 0.8964 0.8927 0.8906 0.8886 

0.675 1.0480 I.OOSI 0.9881 0.9781 0.9624 0.9521 0.9458 0.9402 0.9361 0.9330 0.9305 0.9986 

0.700 1.1119 1.0666 1.0496 1.0986 1.0197 1.0009 0.9918 0.9872 0.9826 0.9789 0.9762 0.9766 

For 44ii. Pipe 

0 10.000 15.000 20.000 25^)00 35,000 50,000 75.000 100.000 150.000 250.000 500.000 10.000.000 

0.100 0.6181 0.6124 0.6096 0.6077 0.6059 0.6044 0.6033 0.6027 0.6021 0.6018 0.6014 0.8010 

0.150 0.6243 0.6174 0.6141 0.6120 0.6097 0.6079 0.6065 0.6059 0.6052 0.804$ 0.8049 0.606$ 

0.200 0.6326 0.6253 0.6216 0.6194 0.6169 0.6150 0.6135 0.6128 0.6121 0.6115 0.6110 0.6106 

0.250 0.6442 0.6365 0.6327 0.6304 0.6278 0.6257 0.6241 0.6234 0.6226 0.6220 0.6916 0.6911 

0.300 0,6591 0.6610 0.6468 0.6444 0.6420 0.6396 0.6379 0.6372 0.6363 0.6356 0.6362 0.6647 

0.350 0.6785 0.6694 0.6649 0.6622 0.6592 0.6569 0.6550 0.6541 0.6532 0.6525 0.6519 0.6614 

0.400 0.7035 0.6935 0.6882 0.6850 0.6813 0.6786 0.6765 0.6754 0.6744 0.6736 0.6729 0.6796 

0.425 0.7197 0.7080 0.7021 0.6986 0.6945 0.6915 0.6891 0.6880 0.6868 0.6859 0.6852 0.6844 

0.450 0.7676 0.7244 0.7178 0.7138 0.7093 0.7060 0.7033 0.7021 0.7007 0.6997 0.6989 0.6981 

0.475 0.7661 0.7433 0.7358 0.7313 0.7261 0.7223 0.7194 0.7179 0.7164 0.7152 0.7143 0.7164 

0.500 0.7816 0.7646 0.7560 0.7508 0.7451 0.7407 0.7373 0.7357 0.7339 0.7326 0.7315 0.7606 

0,525 0.8084 0.7888 0.7791 0.7783 0.7665 0.7614 0.7575 0.7556 0.7536 0.7520 0.7510 0.7498 

0.550 0.8899 0.8164 0.8051 0.7983 0.7905 0.7847 0.7802 0.7780 0.7767 0.7739 0.7725 0.771$ 

0.575 0,8754 0.8476 0.8344 0.8266 0.8177 0.8109 0.8057 0.8032 0.8006 0.7984 0.7969 0.7964 

0.600 0.9199 0.8899 0.8678 0.8588 0.8484 0.8407 0.8347 0.8316 0.8286 0.8262 0.8244 0.8997 

0.625 0.9681 0.9981 0.9066 0.8952 0.8833 0.8741 0.8672 0,8638 0.8602 0.8574 0.8555 0.8684 

0.650 1.0090 0.9687 0.9486 0.0364 0.9225 0.9121 0.9040 0.9000 0.8960 0.8927 0.8904 0.8880 

0.675 1.0676 1.0908 0.9976 0.9834 0.9675 0.055.> 0.9460 0.9414 0.9367 0.9330 0.9302 0.9975 

0.700 J.l$44 1-0604 1-0694 1.0879 1.0186 1.0047 0.9939 0.9887 0.9832 0.9789 0.9756 0.9796 

0.725 1.9149 1.1699 1.1908 1.1090 1.0806 1.0645 1.0520 1.0457 1.0395 1.0344 1.0307 1.0979 

0.750 1.9094 1.9844 1.19$$ 1.174$ 1-1486 1.1203 1.1142 1.1067 1.0993 1.0931 1.0888 1.0844 



Appendix 


385 


Table A.-23. Orifice-Flow Coeppicientb fob Fife Taps (ContinvKd) 


For 6-m. Pipe 



25,000 

35,000 

504)00 

75,000 

100,000 

150.000 

250,500 

500,000 

1.000.000 

10.000.000 

0.100 

0.5084 

0.6058 

0.6038 

0.6023 

0.6015 

0.6007 

0.6001 

0.5997 

0.5994 

o.sm 

0.160 

0.5134 

0.6104 

0.6080 

0.606 S 

0.5054 

0.6044 

0.6058 

0.6059 

0.6099 

0. 6097 

0.200 

0.5210 

0.6178 

0.6154 

0.6136 

0.5126 

0.6117 

0.6110 

0.6104 

0.6101 

0.6099 

0.260 

0..6318 

0.6280 

0.6251 

0.6243 

0.6284 

0.5225 

0.5217 

0.5212 

o.em 

O.em 

o.aoo 

0.5452 

0.6420 

0.6395 

0.5377 

0.6358 

0.5359 

0.5351 

0.6345 

0.6343 

0.6540 

0.350 

0.5531 

0.6597 

0.5571 

0.5550 

0.5589 

0.6529 

0.6521 

U .5515 

0.6512 

0.6609 

0.400 

0.6m 

0.6823 

0.6702 

0.6759 

0.5765 

0.5744 

0.5735 

0.5728 

0.6724 

0.6791 

0.425 

0.7004 

0.6057 

0.6024 

0.6897 

0.5883 

0.5870 

0.6859 

0.6852 

0.6847 

0.6845 

0.450 

0.716i 

0.7110 

0.7071 

0.7040 

0.7025 

0.7010 

0.6998 

0.5989 

0.6684 

O.em 

0.475 

0.7544 

0.7283 

0.7288 

0.7208 

0.7187 

0.7159 

0.7156 

0.7144 

0.7189 

0.7154 

0.600 

0.7547 

0.7479 

0.7425 

0.7387 

0.7366 

0.7345 

0.7Z^ 

0.7316 

0.7311 

0.7506 

0.525 

0.7779 

0.7698 

0.7537 

0.7590 

0.7557 

0.7543 

0.7524 

0.7511 

0.7504 

0. 7497 

0.650 

0.8043 

0.7949 

0.7877 

0.7822 

0.7793 

0.7756 

0.7744 

0.7727 

0.7719 

0.7719 

0.575 

0.8541 

0.8951 

0.8147 

0.8083 

0.8051 

0.8018 

0.7998 

0.7972 

0.7963 

0. 7964 

0.500 

0.6578 

0.8548 

0.8450 

0.8375 

0.8837 

0.8299 

0.8258 

0.8245 

0.8234 

0.8994 

0.525 

0.9064 

0.8911 

0.8797 

0.8707 

0.8652 

0.8618 

0.8582 

0.8556 

0.8543 

0.8550 

0.650 

0.9498 

0.9590 

0.9185 

0.9081 

0.0029 

0.8975 

0.8935 

0.8904 

0.8888 

0.8874 

0.675 

0.9996 

0.9787 

0.9650 

0.9508 

0.9447 

0.9385 

0.9838 

0.9302 

0.9288 

0.9967 

0.700 

1.0665 

1.0591 

1.0159 

0.9997 

0.9924 

0.9854 

0.9798 

0.9755 

0.9734 

0.9714 

0.725 

1.1917 

1.095$ 

1.0791 

1.0566 

1.0474 

1.0 S 90 

1.0324 

1.0275 

1.0250 

1.0998 

0.750 

1.9051 

1.1686 

1.1496 

1.1995 

1.1125 

1.1028 

1.0944 

1.0869 

1.0855 

1.0896 






For 8-iB. Pipe 





$ 

25,000 

35.000 

50,000 

75,000 

100.000 

150.000 

250,000 

500,000 

1.000.000 

10.000.000 

0.100 

0.6057 

0.6065 

0.6040 

0.6020 

0.6011 

0.5001 

0.5995 

0.5988 

o.sm 

0.6989 

0.150 

0.5153 

0.6115 

0.6087 

0.6055 

0.5054 

0.6043 

0.80S4 

0.60i8 

0.6095 

0.6091 

o.aoo 

0.5229 

0.6191 

0.6162 

0.6140 

0.6130 

0.6118 

0.6109 

0.6105 

0.6100 

0.8096 

0.250 

0.5336 

0.6200 

0.6271 

0.6248 

0.5237 

0.6227 

0.5218 

0.6212 

0.6908 

0.6905 

0.300 

0.6469 

0.5433 

0.6405 

0.5384 

0.5373 

0.5352 

0.6354 

0.5347 

0.65U 

0.6541 

0.350 

0.6548 

0.5509 

0.6580 

0.6o6d 

0.5545 

0.5534 

0.652 S 

0.6517 

0.6514 

0.6S11 

0.400 

0.6881 

0.6836 

0.6801 

0.6774 

0.5760 

0.6748 

0.6737 

0.6729 

0.6725 

0.6791 

0.425 

a. 703 

0.5973 

0.6934 

0.6903 

0.6888 

0.6874 

0.0852 

0.0853 

0.6848 

0.6845 

0.450 

0,71 S 6 

0.7127 

0.7082 

0.7048 

0.7032 

0.7014 

0.7001 

0.6990 

0.6985 

0.6080 

0.475 

0. 7574 

0.7305 

0.7254 

o .:^.4 

0.7194 

0.7174 

0.7159 

0.7146 

0.7140 

0. 7194 

0.500 

0.7SS6 

0,7505 

0.7445 

0.7399 

0.7375 

0.7351 

0.7333 

0.7318 

0.7312 

0.7506 

0.525 

0.78t9 

0.7735 

0.7663 

0.7608 

0.7581 

0.7553 

5.7531 

0.7514 

0.7606 

O. 74 B 8 

0.550 

0.3106 

0.7971 

0.7908 

0.7843 

0.7809 

0.7777 

0.7749 

0.7731 

0.7721 

0.7719 

0.575 

0 . 54/7 

0.8985 

0.8184 

0.8104 

0.8069 

0.80 W 

0.7999 

0.7976 

0.7964 

0.7965 

0.300 

0.8779 

0 6815 

0.8497 

0.8405 

0.8360 

0.8314 

0.8275 

0.8249 

0.8235 

0.8995 

0.525 

0. V78 

0.8999 

0.8852 

0.8744 

0.8689 

0.8635 

0.8592 

0.8559 

0.8543 

0.8597 

0.550 

0.9657 

0.9405 

0.9253 

0.9126 

0.9063 

0.8999 

0.8948 

0.8909 

0.8890 

0.8875 

0.575 

I.0I65 

0.9907 

0.9714 

0.9564 

0.9488 

0.9413 

0.9352 

0.9307 

0.9285 

0.9985 

0.700 

1.0785 

1.0469 

I.0956 

1.0060 

0.9971 

0.9884 

0.9813 

0.9762 

0.9710 

0.9708 

0.725 

1.1460 

1.1106 

1.0H40 

1.0654 

1.0530 

1.0428 

1.0344 

1.0283 

1.0252 

1.0994 

0.750 

1.9999 

1.1868 

1.1545 

1.1994 

1.1155 

1.1041 

1.0939 

1.0863 

1.0626 

1.0791 






For 104o. Pipe 





0 

25,000 

35,000 

50,000 

75.000 

100.000 

150.000 

250,000 

500.000 

1,000,000 

10.000.000 

0.100 

0.6114 

0.6074 

0.6044 

C .6021 

0.5009 

0.5997 

0.5988 

0.5981 

0.6978 

0.6974 

0.160 

0.6175 

0.6120 

0.6096 

0,6069 

0.5056 

0.6043 

0.6033 

0.6095 

0.6091 

0.6017 

0.200 

0.6249 

0.6205 

0.6172 

0.6145 

0.6132 

0.6119 

0.5109 

0.6101 

0.6097 

0.6095 

0.250 

0.6351 

0.6308 

0.6277 

0.6251 

0.6238 

0.6226 

0.6216 

0.6208 

0.6905 

0.6901 

0.300 

0.6484 

0.6442 

0.6411 

0.6387 

0.5875 

0.6363 

0.5354 

0.6346 

0.6343 

0.6559 

0.360 

0.6661 

0.6617 

0.6585 

0.6559 

0.6545 

0.8534 

0.5524 

0.6517 

0.6613 

0.6609 

0.400 

0.6895 

0.6846 

0.6807 

0.6778 

0.6 V 63 

0.6748 

0.6735 

0.6728 

0.6724 

0.6719 

0.425 

0.7044 

0.6987 

0.6943 

0.6911 

0.6893 

0.6877 

0.6854 

0.6854 

0.6848 

0.6845 

0.450 

0.7210 

0.7143 

0.7094 

9.7055 

0.7037 

0,7018 

0.7002 

0.6991 

0.6984 

0.6980 

0.475 

0.7403 

0.7326 

0.7269 

0.7223 

0.7201 

0.7178 

0.7160 

0.7145 

0.7140 

0.7154 

0.500 

0.7694 

0.7532 

0.7464 

0.7410 

0.7388 

0.7358 

0.7335 

0.7820 

0.7312 

0.7505 

0.625 

0.7878 

0.7769 

0.7687 

0.7624 

0.7592 

0.7580 

0.7535 

0.7515 

0.7506 

0.7497 

0.550 

0.8169 

0.8038 

0.7940 

0-7864 

0.7825 

0.7787 

0.7757 

0.7734 

0.7722 

0.7719 

0.576 

0.8495 

0.8336 

0.8224 

0.8182 

0.8087 

0.8042 

0.8005 

0.7979 

0.7965 

0.7969 

0.600 

0.8868 

0.8685 

0.8544 

0.8437 

0.8382 

0.8328 

0.8285 

0.8253 

0.8236 

0.8991 

0.625 

0.9997 

0.9076 

0.8911 

0.8782 

0.8718 

0.8655 

0.8602 

0.8564 

0.8545 

0.8697 

0.650 

0.9780 

0.9619 

0.9324 

0.9173 

0.9097 

0.9019 

0.8960 

0.8914 

0.8894 

0.8870 

0.576 

1.0554 

1.0097 

0.9797 

0.9617 

0.9528 

0.9438 

0.9365 

0.9312 

0.9286 

0.9960 

0.700 

1.0979 

1.0608 

1.0357 

1.0126 

1.0021 

0.9915 

0.9832 

0.9767 

0.9736 

0.9707 

0.725 

1.1704 

1.1979 

1.0960 

1.0711 

1.0587 

1.0463 

1.0364 

1.0289 

1.0252 

1.0994 

0.760 

1.9656 

1.9115 

1.1791 

1.1415 

1.1253 

t.ino 

1.0988 

1.0698 

1.0862 

1.0791 
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Table A-24. Weib-Dischabgb Coepficibnts 

Rectangular 

Without Side. With Side Trapeaoidal 

Contraction Contraction V Notch (Cipoletti) 

Discharge coefficient Crw * 0.644 db 6% Crw “ 0.606 ± 6% Ctw •“ 0.68 ± 8% 

Use width 

- h - 0.2A 

Channel'Width b B — h> Ah . 

iimitatione R > 3b 

Channei-depth H> 2h . 

' limitations 

Weir-width . 0.6ft <b< 4ft . b>5h 

limitations b> 0.6 ft 

Head Umitations 0.02 ft < b < 2.6 ft 0.08 ft < b < 2.6 ft . 

Angle limitation ... 85® < < 120“ 4 ■- 2 tan*"' 
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Absolute zero, 30 

Absorption spectrometer, 156, 160, 
161, 167 

Accelerometer, 211 
Accuracy, root-square, 8 
static, 6 

Air-trap level gage, 254 
Ambient temperature, 47, 50, 61, 88, 

144 

compensation, 48, 89, 241 
American Instrument Company, 

175 

Amsler polar planimeter, 205 
, ccuracy, 210 
relations for, 207 
zero circle, 209 
Anemometer, 310 
cup, 310 

deflecting-vane, 310 
hot-wire, 310 
Angstrom, 128 

Applied Physics Corporation, 161 
Applied Research Laboratories, 162 
Arc spectrometer, 162 
Area flowmeter, 297 
cylinder-and-piston-type, 303 
density-compensation, 300 
viscosity-compensation, 301 
Armor tubing, 39 
Atmospheric pressure, 217 
Automatic instruments, 5 
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Automatic standardization, 101 
Averaging bulb, 38 

Bailey Meter Company, 98, 121, 226, 
293, 303 

Baird Associates, 156, 158, 160, 162 
Balance scales, 200 
Baldwin Locomotive Works, 197 
Barometric compensation, 52, 61, 
233, 242 
Beer’s law, 159 

Bellows pressure gage, 223, 227, 234 
Bellows quantity meter, 314 
Bell pressure gage, 226 
Bentley, G. P., 13 
Bernoulli, D., 266 
Binder, R. C., 266 
Bimetallic thermometer, 34 
Black body, 131 
Bolometer, 109, 134, 136 
Bourdon tube, 40, 223, sec also Pres¬ 
sure spring 

Brabender Corporation, 316 
Bristol Company, The, 99, 121 
Brown, G. S., 322 

Brown Instrument Company, The, 
58, 97, 120, 143, 178, 303 
Bubbler system, 252, see also Purge 
system 

Builders-Providence, 306 
Burgess, G. K., 31 

Calibration standard, 7 
Callendar equation, 107 
Callendar-Griffiths bridge, 113 
Campbell, D. P, 322 
Capacitance bridge, 117 
Capillary bulb, 38 
Cebius scale, 30 
Centigrade scale, 30 
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Characteristic time, 21 
Chromel-aivimol thermocouple, 
composition, 72 
emf, 369 
immersion, 83 
radiation error, 83 
range, 71 
response, 79 
Cipoletti weir, 305 
Circtilar chart, 40, 47, 96, 292, 323 
Cold junction, see Thermocouple 
Color measurement, 166 
Combustibles analyzer, 183 
Compressible flow, 270 
Compressibility factor, 274 
Concentric scale, 327 
Consolidated Engineering Corpora¬ 
tion, 164 

Control center, 332 
diagrammatic, 338 
maintenance, 342 
Control room, 332, 338, 342 
Copper-Constantan thermocouple, 
composition, 72 
emf, 368 
immersion, 83 
radiation error, 83 
range, 71 
response, 79 

Copper resistance bulb, range, 109 
speed of response, 110 
thermal resistance, 106, 374 
Critical pressure ratio, 276 
Cross-ambient effect, 56 
Current meter, 308 

Damping, manometer, 244 
number, 21 
pressure gage, 244 
ratio, 21 

Davis Emergency Equipment Com¬ 
pany, 170 
Dead time, 11 
Dead zone, 9, 12 
Den Hartog, J. P., 195, 212 
Density, 249 
definition, 217 


Density, displacement measure¬ 
ment, 260 
hydrometer, 261 
level measurement, 260 
mercury, 376 
water, 376 

Density compensation, 300 
Desulfurization, 338 
Dew point, 172, 176 
Diaphragm-box level gage, 254 
Diaphragm pressure gage, 224 
Diaphragm seal, 239 
Dietert Company, Harry W., 162 
Differential-pressure gage, 225 
bell-type, 226 
bellows-type, 227, 234 
inductance coil system, 229 
liquid-level, 255 
magnetic-clutch method, 230 
manometer-type, 225 
pneumatic-balance, 231 
pressure-tight shaft, 228 
resistance method, 230, 293 
ring-type, 221, 227, 293 
tilting U-tube, 222, 293 
Differential transformer, 197 
Diffraction grating, 156 
Dilatometer, 186 
Dip effect, 55 

Displacement-float gage, 257 
Displacement flowmeter, 312 
Displacement gages, 192 
differential transformer, 197 
electric, 194 
pneumatic, 193 
strain, 195 
synchro system, 198 
Distance effect, 138, 144 
Distillation Products Industries, 233 
Double-slide-wire bridge, 116 
Draft gage, 221 
Draper, C. S., 13 
Drift, 8 
Dry level, 262 
Dry materials, flow of, 316 
Dual-fill thermometer, 58 
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DuBrovin gage» 234 
Dynamic error, 10, 15, 23 

Eccentric scale, 327 
Electric level gage, 249 
Electric pressure gage, 232 
Electric transmission, 330 
Emission spectrometer, arc-type, 162 
flame-type, 162 
Emissivity, effect, 138,144 
V of surfaces, 374 
spectral, 131 
total, 131 

Engineering Laboratories, 249 
Enlarged-leg manometers, 220 
Error curve, 7 

Expansion factor, empirical, 273 
rational, 273 

Expansion thermometer, see Liquid, 
Gas, Vapor 

Fahrenheit scale, 30 
Fery sphere, 132 
Fidelity, 10, 15 

Fischer and Porter Company, 317 
Flame spectrometer, 162 
Flange taps, 278 
Float gage, 250 
Float manometer, 234 
Flow, compressibility factor, 274 
compressible, 270 
critical pressure ratio, 276 
density variation, 293, 300 
dry materials, 316 
empirical expansion factor, 273 
incompressible, 266 
in open channels, 304 
in pipes, 266 
integration of, 295 
moisture factor, 274 
pressure variation, 294, 301 
pulsating, 294 

rational expansion factor, 273 
Reynolds number, 268 
temperature variation, 294, 301 
viscosity variation, 294 
viscous oils, 269 


Flow coefficient, general, 268 
orifice, 280 
Pitot-tube, 289 
tables, 380 
Venturi-tube, 284 
weir, 305, 386 
Flow nozzle, 284 
Flow plan, 335 
Flowmeters, area-type, 297 
cylinder-and-piston-type, 303 
integrating, 295 
orifice type, 290 
Flume, 306 

Fluorescence spectrometer, 163 
Foot, definition, 191 
Force, definition, 191 
Force meter, hydrostatic, 204 
pneumatic, 203 

Foxboro Company, The, 100, 117, 
120, 176, 179 

Fractionating column, 352 
Franklin, Benjamin, 1 
Friction, 12 
Frocht, M., 195 

Gacrtner Instrument Company, 156 
Gage pressure, 223, 233 
Galvanoi w ter, 86 
Gas then."' meter, accuracy, 47 
ambient temperature effect, 50 
barometric effect, 52 
comparison of, 61 
constant-volume, 31 
dead zone, 64 
dip effect, 65 
gases, 362 
head effect, 51 
immersion effect, 52 
precision, 53 
radiation error, 53 
range, 45 
response, 54 
theory, 43 

see also Pressure thermometer 
General Electric Company, 162, 164, 
167, 177 
Gess, L., 266 
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Gow-Mac Inatrument Company, 
170 

Grating, 156 

Hays Corporation, 185, 230, 303 
Head, 216, 247 
Head effect, 51, 242 
Head flowmeters, see Orifice flow^ 
meters 

Helix, 40, 223 

Hot junction, see Thermocouple 
Hot-wire anemometer, 310 
Humidity measurement, absolute 
humidity, 171 

by thermal conductivity, 168 
dew point, 172, 176 
relative humidity, 171 
specific humidity, 171 
Hydrometer, 261 
Hydrostatic-force meter, 204 
Hygrometer, 174 
Hysteresis, 9 

Ice point, 30 
Immersion effect, 52, 83 
Inclined-tube manometer, 221 
Incompressible flow, 266 
Indicating instruments, 3, 5, 327 
Inductance-coil system, 229 
Infrared gas analyzer, 160 
Infrared spectrometer, 156 
Instrumentation diagram, 335 
Instrumentation symbol, 336 
Instrument department, 342 
Integration, 295 

Interface level measurement, 258 
Interferometer, 188 
International scale, 31, 356 
Ionization gage, 237 
Iron-Constantan thermocouple, 
composition, 72 
emf, 367 
immersion, 83 
radiation error, 83 
range, 71 
reP”)onse, 79 
tube thermocouple, 74 
Irwin, R. D., 266 


Joule heating effect, 66 

Kelvin, Lord, 29 
Kelvin scale, 30 
Kennison notsle, 306 
Kirchhoff law, 128 

Lag, definition, 10 
first-order, 12 
second-order, 17 
third-order, 26 
Lamb, H., 206 
Lambert’s law, 134 
Larsen, B. M., 142 
Laws of radiation, see Radiation 
Lead wire, see Thermocouple, Radi¬ 
ation pyrometer 
Ledoux bell, 293 

Leeds and Northrup Company, 98, 
115, 119, 146, 169 
Length, definition, 191 
Level, dry materials, 262 
liquid, 247 

Liquid expansion thermometer, ac¬ 
curacy, 47 

ambient-temperature compensa¬ 
tion, 48 

ambient-temperature effect, 47 

barometric effect, 52 

comparison of, 61 

dead zone, 54 

dip effect, 65 

head effect, 51 

immersion effect, 52 

liquids, 362 

precision, 53 

radiation error, 63 

range, 43 

response, 54 

theory, 41 

see also Pressure thermometer 
Liquid level, free surface, 247 
interface level, 258 
Liquid-level gages, air-trap system, 
254 

bubbler system, 262 
diaphragm-box system, 254 
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Liquid-level gages, density-measur¬ 
ing, 260 

differential-pressure type, 257 
electric, 249 
fioat-and-shaft, 250 
float-and-tape, 250 
weighing-type, 262 
Liquidometer Corporation, 251 
Liquid seal, 240 
Lyons, H., 192 

Magnetic susceptibility, 184 
Maintenance, 342 
Manipulation element, 5 
Manometer, damping, 18, 21, 244 
enlarged-leg, 220 
float, 234 
inclined-tube, 221 
liquids, 222, 378 
pressure gage, 218, 225 
ring, 221, 227 
tilting U-tube, 222 
U-tube, 218, 234, 255 
well, 220 

Manual instruments, 5 
Mass, definition, 191 
Mass spectrometer, 164 
McLeod gage, 234 
Measurement, direct, 2 
indirect, 2 
meaning of, 2 
qualities of, 1 

Measuring junction, see Thermo¬ 
couple 

Mendenhall wedge, 132 
Mercury-in-glass thermometer, ac¬ 
curacy, 33 
range, 5, 33 
speed of response, 34 
Mercury thermometer, see Liquid 
expansion thermometer 
Micron, 128, 157, 218 
Mi Hi voltmeter, accuracy, 90 
ambient temperature error, 88 
circuit, 87, 141 
external resistance, 88 
galvanometer, 86 
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Millivoitmeter, reference-junction 
compensation, 89 
speed of response, 90 
Mine Safety Appliances Company, 
185 

Moffat, E. M., 84 
Moisture, gases, see Humidity 
lumber, 178 
paper, 178 
textiles, 178 
Moisture factor, 274 
Moore Products Company, 257, 339 
Moss, S. A., 289 
Mueller bridge, 118, 123 
Mueller, E. F., 107 

National Bureau of Standards, 73, 
191, 192 

National Technical Laboratories 
(Beckman), 156, 160, 163, 167 
Naval Observatory, U. S., 192 
Nickel resistance bulb, range, 109 
speed of response, 110 
thermal resistance, 105, 374 
Nitrogen thermometer, see Gas 
thermometer 

North American Phillips Company, 
163, 166 

Null potentiometer, see Potentiom¬ 
eter 

Nutating-disk meter, 313 

Open-channel meter, 304 
Open-hearth furnace, 332 
Optical pyrometer, absorbing media, 
148 

accuracy, 147 
corrections, 375 
emissivity effect, 149, 374 
transmission effect, 148 
Orifice, calculation, 280 
coefficients, 380 
description, 9, 11, 277 
installation, 291 
straightening vanes, 280 
taps, 278 

Orifice flowmeter, 290 
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Orifice flowmeter, integrating, 295 
square-root compensation, 292 
Orsat, 184 
Oxygen meter, 185 

Palmer-Bowlus flume, 306 
Panel board, see Control center 
Panel lit, 339 
Paper, moisture, 178 
thickness, 194 
Parabolic flume, 307 
Parshall flume, 306 
Parshall, R. L., 306 
Peltier effect, 66 
Pencil thermocouple, 74 
Penn Industrial Instrument Com¬ 
pany, 230 

Perkin-Elmer Corporation, The, 156, 
162 

pH measurement, 180 
Photoelectric cell, 136, 142 
Photoelectric pyrometer, ambient- 
temperature effect, 144 
distance effect, 144 
emissivity effect, 144 
photoemissive, 143 
photovoltaic, 143 
range, 141 

speed of response, 144 
transmission effect, 144 
Photoluminescence, 155 
Photometer, 156 
Pipe taps, 278 
Pirani gage, 235 
Pitot tube, coefficients, 289 
use, 286 
Planimeter, 205 

Planck’s radiation Jaw, 129, 149 
Platinum resistance bulb, Callendar 
calibration equation, 107 
range, 109 

speed of response, 110 
thermal resistance, 105, 374 
Platinum thermocouple, composi¬ 
tion, 72 
emf, 370 
immersion, 83 


Platinum thermocouple, radiation 
error, 83 
range, 31, 71 
response, 79 

Pneumatic differential-pressure 
meter, 231 

Pneumatic displacement gage, 193 
Pneumatic-force meter, 203 
Pneumatic liquid-density gage, 260 
Pneumatic liquid-level gage, 257 
Pneumatic thermometer, 60 
Pneumatic transmission, 329 
Polarizing cell meter, 185 
Polarograph, 186 
Polar planimeter, 205 
Potentiometer, accuracy, 102 
automatic-balance, 5, 97, 141 
automatic standardization, 101 
circuit, 91 

manual-balance, 95 
mechanical-balance, 97 
reference-j unction compensation, 
94 

standard cell, 93 
standardization, 93 
Pound, definition, 191 
Poundal, definition, 192 
Power-operated instruments, 6, 11 
Power plant, 350 
Pratt and Whitney, 195 
Pressure, absolute, 233 
atmospheric, 217 
conversion of, 377 
definition, 216 
gage, 223, 233 

Pressure gage, 8, 12, 18, 21, 23, 25 
absolute, see Absolute pressure 
gage 

accuracy, 241 

ambient-temperature effect, 241 
barometric effect, 242 
bellows-type, 223, 227, 234 
bell-type, 226 
damping, 244 
diaphragm seal, 239 
diaphragm-type, 224 
electric, 232 



Index 


393 


Preasure gage, leakage effect, 242 
liquid seal, 240 
manomeler-lype, 218, 225 
pressure-si >ritig-1 ype,. 223 
purge system, 240 
response, 243 
siphon, 239 
snubbers, 244 

Pressure spring, bourdon tube, 40, 
223 

helix, 40, 223 
prf'ssLire gage, 223 
spiral, 40, 223 

Pressure thermometer, aging, 53 
armor tul)ing, 39 
bulb, 36 
capullary, 37 
capillar>" bulb, 38 
comparison of, 61 
extension rieek, 38 
gas, .see (ias thc'rinoraeter 
litpiid, .'■'rc Liquid exfiansion ther¬ 
mometer 
pneumatie, 60 

thermal well, .s'ee Thermal wells 
vapor, M‘(' Taj^or thermometer 
Pressure-tight shaft, 228 
Primary element, 4 
Prism, 15S 
Process analysis, 340 
Prop('Jl('r molcr, 309 
Prtte(’ting tube, see Thermal well 
Psychrometer, 172 
Ps>'chrome1ric chart, 173 
Pulsating flow, 294 
Purge system, 240 

Pyrometer, i<ee TherniD(a>ui)le, Po¬ 
tentiometer, Radiation 
Pyrometer Instrument Company, 
147 

Quantity meter, bellows-type, 314 
lobed-impeller-typc, 314 
nutating-disk-type, 313 
reciprocal ing-piston-type, 312 
rotary-vane-type, 313 
sealed-drurn-type, 314 


Radiation, absorption, 133 
err(»r, 53, 83 
reflection, 133 
transmission, 133 
Radiation laws, 128 
Kir(4ilioff’s, 128 
Lambert’s, 134 
Planck’s, 129 
Stefan-Boltzmann, 129 
Wien’s, 130 

Radiation iiyrometer, absorbing- 
media effect, 139 
accuracy. 141 
distance effect, 138 
emissivity effect, 140, 374 
lead wire, 141 
lens-type, 136 
mirror-type, 137 
reference junction, 137 
speed of response, 141 
target tube, 141 
transmission effect, 140 
Range, detiriitioii, 7 
Rankine scale, 30 
Rational (‘xpausion factor. 273 
Rayleigh inteferometcr, 188 
Rayon slashing, 337 
Reaumur S(!ale, 30 
Ri'ciprocating-pistoii meter, 312 
Recording instruments, 3, 5 
circidar ehart,, 40, 47, 96, 292, 322 
strip chart, 96, 324 
Rectangular-notch weir, 304 
Reference iun(‘(ion, see Thermo¬ 
couple 

Reference-junction compensation 
millivoltmeter, 89 
potentiometer, 94 
radiation jivrorneter, 137 
Refracting prism, 158 
llefractomctcT, 187 
Registering instruments. 3, 5 
Relati\h humidity, 171 
Rej^rodmobility, 6 

Republic Flowmeters (’omjumy, 230, 
231, 257, 260, 293 
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Kesistance thermometers, accuracy, 
112, 122, 124 
automatic-balance, 119 
bulb, 108 

Callendar-Griffiths-bridge, 113 
capacitance-bridge, 117 
dead zone, 122 
deflectional, 123 
double-slide-wire-bridge, 115 
heating effect, 115 
Joule heating effect, 113 
manual-balance, 122 
Mueller-bridge, 118 
null-bridge, 119 
precision, 112 
range, 109 

Siemens three-lead method, 114 
speed of response, 110 
thermal resistance, 106, 374 
thermal well, 110 
Wheatstone-bridge, 112 
Reynolds number, 268 
Riefler clock, 192 
Ring manometer, 221, 227 
Roeser, W. F., 69 
Root-square accuracy, 8 
Rotameter, 297 
Rotary-vane meter, 313 
Rouse, H., 266 
Rubicon Company, The, 183 

Scales, 199 

automatic-balance, 202 
hydrostatic-force meter, 204 
indicating, 201 
mechanical-balance, 200 
pneumatic-force meter, 203 
Schaevitz Engineering, 197 
Secondary element, 5 
Secondary well, 78 
Seebeck effect, 66 
Seismic element, 211 
Self-contained instruments, 6 
Self-operated instruments, 6 
Selsyn, see Synchro system 
Sensitivity, 6 
Servo-Tek Producis, 198 


Shenk, W. E., 142 
Siemens three-lead method, 115, 124 
Signaling instruments, 3, 5, 328 
Simplex Valve and Meter Com¬ 
pany, 307 
Siphon, 239 
Smokehouse, 351 
Snubbers, 244 
Soaking pit, 345 
Span, definition, 7 
Specific-gravity meters, 249, 261 
Specific humidity, 171 
Spectral emissivity, 131, 374 
Spectrogram, 158, 168 
Spectrograph, see Spectrometer 
Spectrometer, 156 
absorption, 156, 160, 161, 167 
emission, 162 
fluorescence, 163 
grating, 156 
infrared, 156 
line spectra, 154 
mass, 164 
prism, 156, 158 
ultraviolet, 160, 167 
X-ray, 161, 162 

Spectrophotometer, see Spectrom¬ 
eter 

Spectroscopic analysis, see Spec¬ 
trometer 
Spink, L. K., 266 
Spiral, see Pressure spring 
Square-root compensation, 292 
Standard cell, 93 
Statham Laboratories, 195 
Static accuracy, 6 
Static correction, 7 
Static error, 7, 11 
Steam point, 30 

Stefan-Boltzmann law, 129, 140, 144 
Still well, 308 
Stimson, H. F., 31 
Stokes Machine Company, F. 

235 

Straightening vanes, 280 
Strain gage, 195 
bonded-type, 196, 204 
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Strain gage, unbonded-type, 106, 
204 

Stress ring, 205 
Strip chart, 96, 324 
Surface Combustion Corporation, 
177 

Symbols, instrumentation, 336 
Synchro system, 198 

Tachometer, 210 

Tagliabue Company, C. J., 99, 121 
Target tube, 141 

Taylor Instrument Companies, 49, 
318 

Temperature scales, 29 
conversion, centigrade to Fahren¬ 
heit, 31, 357 

Thermal coefficient of resistance, 
106, 374 

Thermal-conductivity measurement, 
168 

Thermal wells, diffusion, 79 
immersion, 83 
materials, 363 
open-end, 77 

pressure thermometer, 59 
secondary, 78 
thermal shock, 79 
thermocouple, 77 
Thermocouple, accuracy, 72 
circuit laws, 69 
composition, 72 
emf, 365, 366 
immersion, 83 
lead wire, 75 
measuring junction, 73 
ladiation error, 83 
range, see Ccpper-Constantan, 
Iron~Constantan, Chromel-Alu- 
mel. Platinum 

reference junction, 95, 89, 91, 94 
i^esponse, 79 
types, 71, 72, 74, 134 
Thermocouple vacuum gage, 236 
Thermodynamics, 28 
Thermodynamic temperature scale, 
29 
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Thermoelectricity, Joule heating ef¬ 
fect, 66 

law of homogenous circuit, 69 
law of intermediate metals, 69 
law of intermediate temperatures, 
69 

Peltier effect, 66 
Seebeok effect, 66 
Thomson effect, 67 
Thermometer, see type 
Thermopile, 134 
Thomson, W. T., 212 
Thomson effect, 67 
Thomson weir, 305 
Tilting U tube, 222 
Torque tube, 228 
Total emissivity, 131, 374 
Transmission effect, 144 
Transmitting instruments, 3, 5, 8 
controllers, 331 
electric, 330 
pneumatic, 329 
Trapezoidal weir, 305 
Tube thermocouple, 74 

U. S. Navkl Observatory, 192 
Ultraviolet spectrometer, 160, 167 
U tube, see Manometer 

Vacuum, definition, 216 
measurement, 233 
thermocouple, 134 
Vapor thermometer, accuracy, 47 
ambient-temperature effect, 50 
barometric effect, 52 
comparison of, 61 
cross-ambient effect, 56 
dead zone, 54 
dip effect, 55 
dual fill, 58 
fluids, 362 
head' effect, 51 
immersion effect, 52 
precision, 53 
radiation error, 53 
range, 47 
response, 54 

see also Pressure thermometers 
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Velocity of approach, 268 
Vena-con tract a taps, 279 
Venturi nozzle, 284 
Venturi tube, coeffici(‘nts, 284 
use, 282 

Velocimetor, 214 
Velocity meter, 308 
Vibrometer, 214 
Viscosity measurement, 316 
V-notch weir, 305 

Water meter, 311 

Weighing level gage, 262, see Scales 
Weight, detinition, 101 
Weir, coefficients, 386 


Weir, rectangular-notch, 304 
trapezoidal-notch, 305 
V-notch, 306 
Well, see Thermal well 
Well manometer, 220 
Westingliouse Corporation, 164 
Wheatstone bridge, 5, 112, 122, 170, 
175, 196 

Wheelco Instruments Company, 100 
W'ien law', 130, 144, 149 
Williams, V. Z., 156 

X-ray sp«'ctrometer, 165 


Zero circle, 209 






